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GROWTH STUDIES ON TETRAHYMENA GELEII H* 


By LOUIS B. ROCKLAND¢ anp MAX 8S. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, October 25, 1948) 


Tetrahymena geleiit H, a holotrichous protozoan, was isolated as a bac- 
teria-free culture in 1931 by Dr. Alford Hetherington at Pacific Grove, 
California. The culture of the ciliate employed in the present studies 
was obtained in 1945 through the courtesy of Dr. George W. Kidder, who 
had received a culture from Dr. R. H. Hall in 1938 (2). Hetherington 
named this microorganism Colpidium campylum, but in 1940 Furgason 
(3) renamed it 7’. geleii, in honor of the eminent protozoologist, J. von 
Gelei. It was observed by Furgason that 7’. geleti and other similar 
organisms differed morphologically from Colpidium and related genera. 
Investigations on the nutrition and metabolism of 7. geleit H were 
initiated by Hall (4-9) in 1935 and by Kidder (10) in 1939. During the 
past decade, Kidder and collaborators have studied the requirements of 
. geleiti H and other strains for amino acids (2, 11-15), vitamins (16-22), 
_ arbohydrates (2, 12), purines (23), pyrimidines (23), nucleosides (23), 
nucleotides (23), growth factors (10, 24-28), and other substances (11, 
(29). 

The present authors’ interest in Tetrahymena was stimulated by the 
report of Kidder and Dewey (2, 18, 24) in 1944 that certain amino acids 
were essential for the growth of these protozoa and that bound, as well 
as free, amino acids were utilized. It seemed appropriate, therefore, to 
study further the nutrition of Tetrahymena and to explore the potentiali- 
ties of this organism for the determination of amino acids in unhydrolyzed 
proteins. Although microbiological assay, isotope dilution, amino acid 
decarboxylase, and colorimetric and other procedures were available for 
the determination of free amino acids, there was no general method for 
the determination of bound amino acids. In 1944, Regnery (30) deter- 
mined leucine microbiologically in unhydrolyzed casein with the aid of 


*Paper 51. For Paper 50, see Dunn (1). From the thesis presented by L. B. 
Rockland to the Graduate School of the University of California, Los Angeles, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy, June, 
1948. This work was aided by grants from the National Institutes of Health, United 
States Public Health Service, and the University of California. The authors are 
indebted to Dr. George W. Kidder for cultures of Tetrahymena and to Jose Lieberman 
for technical assistance. 


t Junior Research Fellow of the National Institutes of Health, United States 
Public Health Service, 1947-48. 
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leucineless Neurospora crassa. Chemical methods for the determination 
of certain amino acids in unhydrolyzed proteins have been reviewed by 
Mitchell and Hamilton (31), Block and Bolling (32), and Martin and 
Synge (33). 


EXPERIMENTAL 


Stock Cultures—Stock cultures of T. geleiti H were maintained at room 
temperature (about 25°) in 18 mm. X 150 mm., cotton-plugged Pyrex 
test-tubes, each containing 15 ml. of broth. The composition of the 
broth, 2 per cent proteose-peptone (Difco) and 1 per cent glucose, was 
that recommended by Dr. Kidder in a private communication. The stock 
cultures remained viable for periods up to 100 days. 

Inoculum—100 ml. of sterile stock-culture broth were sterilized in a 
200 ml. Pyrex centrifuge bottle. The broth was inoculated with a single 
loopful of stock culture, the bottle plugged with gauze-wrapped cotton, 
and the inoculated broth incubated for 7 days at 25°. A rubber band was 
placed around the edges of the cotton plug and the bottle was centrifuged 
about 4 minutes at approximately 500 r.p.m. The bottle was removed 
from the centrifuge immediately after the rotor came to rest.!. The plug 
was removed, the mouth of the bottle was flamed, about 90 per cent of the 
supernatant solution was decanted, approximately 90 ml. of sterile dis- 
tilled water were added, and the bottle was flamed and plugged. The 
bottle was centrifuged and the supernatant solution decanted in the manner 
described. This centrifuging and washing procedure was repeated twice. 
The washed inoculum (about 100 ml. final volume) was allowed to stand 
for about 1 hour, after which the supernatant liquid containing the viable, 
more active protozoa was decanted into a sterile flask. The activity 
of the inoculum cells was checked by microscopic examination, since slow 
moving cells with large vacuoles probably are dying and are unsatisfac- 
tory inocula. 

Inoculation Technique—The syringe assembly was removed from a 
Brewer automatic pipetting machine,? a No. 18 hypodermic needle was 
attached to the valve outlet, and the inlet and outlet tubes were placed 
in a large Pyrex test-tube capped with a heavy cotton plug. This syringe 
assembly was sterilized in an autoclave, allowed to cool to room tempera- 
ture, and mounted on the pipetting machine. The syringe assembly was 


1 Since the viable Protozoa start to swim to the surface of the liquid immediately 
following centrifugation, the latter must be repeated if decantation is delayed much 
more than 10 seconds or the cells are dispersed by jarring the bottle. Centrifuga- 
tion at too high speed or for too long a time and recentrifugation should be avoided, 
since the proportion of organisms killed may be greatly increased. 

2 Baltimore Biological Laboratories, Baltimore, Maryland. 
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flushed with the inoculum, after which a 0.20 ml. aliquot of thoroughly 
mixed inoculum was delivered as rapidly as possible into each assay tube. 
The tubes become contaminated occasionally, since flaming them seemed 











TaBLe I 
Basal Medium for T. Geleit H* 
Amount Amount 
Component ae? Component ar 
solution solution 
gm. mi. 
Glucose ; 10.0 | Phosphate buffert 7.5 
Amino acid mixture (see Table 7.0 | Folic acid solution§ 1.0 
II) ml. Liver extract! 1.0 
Mineral solution (see Table III) 7.5 
Vitamin Solution I (see Table 6.0 | Cerophyl extract { 100.0 
IV) mg. 
Vitamin Solution II (see Table 7.0 | Guanine chloride 50.0 
V) NaCl** 180 
Nucleic acid hydrolysatet 1.5 











* Final solution brought to pH 7.0 with NaOH. 

t The hydrolysate is a mixture containing 10.0 gm. of yeast nucleic acid (Schwarz 
Laboratories, New York) and 100 ml. of 0.75 n HCl autoclaved for 1 hour at 120°, 
10.0 gm. of the same yeast nucleic acid and 100 ml. of 0.75 n NH,OH autoclaved for 
thour at 120°. These solutions were combined, brought to pH 7.0 with 0.1 n NaOH 
and stored in a glass-stoppered bottle in the refrigerator. 

t Aqueous solution containing 9.6 gm. of Na,HPO,-:12H.O and 1.9 gm. of 
NaH,PO,-H,0 per 100 ml. 

§ Ethanol (50 per cent) solution containing 10 mg. of crystalline folic acid (Led- 
erle, No. 7-5582) per 100 ml. 

| A mixture containing 200 gm. of liver concentrate powder (Wilson, 1:20) and 
4liters of distilled water was adjusted to pH 3.0 with H.SO, and filtered through 
Celite. 40 gm. of norit A were added, the mixture stirred for 1 hour, and the sus- 
pension filtered. The filtrate was discarded and the residual norit A eluted with 
500 ml. of a 10 per cent solution of NH,OH in 50 per cent ethanol. The ammonia 
was removed and the solution evaporated by passing a stream of air over the surface 
of the solution. The brown-colored residual solution was diluted to 250 ml. with 
% per cent ethanol and stored in a glass-stoppered bottle in the refrigerator. 

{ Prepared as described by Kidder and Dewey (2). 

** Introduced through neutralization of HCl by addition of NaOH to bring the 
basal medium solution to pH 7.0. 


impracticable; however, contamination is easily detected by visual obser- 
vation after incubation or by inconsistent results from replicate tubes. 
Basal Medium—The composition of the basal medium employed in the 
present studies is shown in Tables I to V. The types and proportions of 
tutrients selected were determined from the results of preliminary ex- 
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periments (not recorded here) on growth and acid? production of 7. 
gelex H. The availability of a high quality basal medium made it pos. 
sible to measure the response of the organism in terms of optical density 
of the suspensions and acid formed by the cells rather than by the labori- 
ous cell-counting methods employed previously. It is of interest that the 
authors’ medium contained eight amino aeids, two vitamins, ten mineral 
salts, and some other nutrient materials in addition to those present in any 

















TaBLeE II 
Amino Acid Mizture* 

t-Amino acid (anhydrous free base) Amount t-Amino acid (anhydrous free base) Amount 
per cent per cent 
at RA AVES ae ooo ea Foe. aS es eee 8.09 
FE ney OP st are 4.82 | Methioninel]............. 2.57 
Rapartic aaid?................. 9.13 | Phenylalanine]]............ 4.57 
| NEE reeecir: = SD. | SGA 6.37 
Glutamic acid................. - 2. : 5.09 
gl Ee a are 2.60 | Threonine]]............ 5.77 
ae Serene 2.68 | Tryptophan.............. 0.71 
Hydroxyproline................ Se yer reer 2.50 
SS EELS LE ae AR — Sree 8.10 

EES EE ear | 9.07 — 
| Total 100.0 





* Amino acids (except test amino acid) ground in a ball mill, as described by 
Rockland and Dunn (34). 

t Equivalent quantity of monohydrochloride used. 

t Natural asparagine may be substituted for L-aspartic acid. 

§ Equivalent quantity of monohydrochloride monohydrate used. 

|| pt form used in twice the specified quantity. 


of the six media employed by Kidder et al. (2, 18-16, 19-21) since 1949. 
Furthermore, the majority of the constituents were present in considerably 
higher concentration in the authors’ medium than in Kidder’s media. 
Microbiological Techniques—The techniques were similar to those em- 
ployed previously with lactic acid bacteria. Water, standard or sample 
solution, and basal medium were added to 18 X 150 mm. test-tubes or 
25 ml. conical flasks with the aid of a Brewer automatic pipette. The 
final volume in each tube or flask was 10 ml. The tubes or flasks were 
plugged with gauze-wrapped cotton‘ and sterilized by heating them for 


Thomas (35) has shown that under anaerobic conditions 7. geleii H produces 
acetic, lactic, and succinic acids. 

4 Covering each row of tubes with a tightly fitting strip of toweling has also been 
found satisfactory, although it is more difficult to prevent contamination by this 
method. 
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of T. 10 to 15 minutes at 120° in an autoclave. The tubes or flasks were inoc- 
b pos- ulated as described under “Inoculation technique” and incubated at 
ensity 
abori- Tasie III 
at the | Mineral Solution 
neral _ = ae Amount per a | pe. per 
in any Substance | 100 ml. water Substance | 100 ml. water 
J | | solution solution 
Calcium acetate- HO | 2.17 gm. | ZnCl, | 1.30 mg. 
K,HPO, 0.85 “ | HBO; | 1.20 “ 
MgSO,-7H:O0 O:or ** CuS0O,:-5H.O 0.57 = 
Amount KH.PO, 0.43 ‘** | CoCl,-6H,0 | 40.0 ¥ 
—— NH,Cl 49.0 mg. | KI | 26.5 “ 
— Ferrie citrate 27.5 “ | NaF 8.5 « 
ae MnCl,-2H,0 11.0 “ | HCl (11.7) 3.5 ml. 
ol 
4.57 
6.37 TaBLe IV 
5.09 Vitamin Solution I* 
Oo. 
07 Vitamin ee 
8.10 me. 
| EE SY Pe se eer pee A eet: = een eee 2.00 
100.0 EIEN «5. v's 5's wu viata Seales aio 2.00 
: ND GORE on oc ch cdasaucstncavapedten eae eaun 5.00 
ibed by FO Oe eee 10.0 
es beers dustin se ot eedan Seta Rene aaa ea ee 40.0 
| OE Se eee, 2 eae 50.0 
ee ee Pe) Pon ee ee 70.0 
*Stored in an amber, glass-stoppered bottle in the refrigerator. 
t An equivalent quantity of calcium or sodium salt may be used. 
e 1945. 
derably TaBLe V 
dia. Vitamin Solution II* 
ose em- Vitamin | ss a. Dow cent 
sample ——————— —- psieeeitititennineiiaicasanaenieaaieenicaeentae Sean Sais sees! 
ubes or _ 
The ee ee eee 1.00 
niles: errr ef 1.00 
We ei field oo 0.100 
hem for os ee 
* Stored in a glass-stoppered bottle in the refrigerator. 
produces 
siso been | [0M temperature (about 25°) in a cupboard. Since there was no precise 
» by this | “Mperature control, the position of the racks was shifted twice daily in 
order to maintain approximately the same, although not necessarily con- 
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stant, temperature. The optical density and acid of the cell suspensions 
were measured by the authors’ previously described turbidimetric and 
acidimetric procedures (36, 37). 





TaBLe VI 


Titration and Turbidity Data Showing Response of T. Geleti H to Four Amino Acid 
in Tubes and Flasks at Different Incubation Times 


eens 
| | 
| 




















Titration Turbidity 
Amino acid | Container | "ne | io | Senettv-| Hall | Suame 
| maximum ity maximum ity 
response® | indext | responset | index} 
days ml. | 
u-Histidine......... Upright tubes 12 4.30 5.5 | 
17 4.30 5.3 } 
24 4.85 5.9 I} 
Slanted tubes 12 4.92 4.1 1.79 | 2 
17 4.77 5.1 1.88 | 26 
| 24 3.80 6.4 | 2.16 | 41 
Flasks 12 lI 2.10 | 35 
17 I | 
24 II 2.25 | 40 
u-Tryptophan...... Upright tubes 10 3.35 | 14.5 | | 29 
14 3.95 20 | | 61 
19 4.25 21 I 61 
Slanted tubes 10 4.00 6.7 1.31 4) 
14 4.65 11.1 1.70 57 
19 4.38 13.3 1.84 55 
Flasks 10 ll 1.81 52 
14 I 
19 } 2.00 49 
L-Isoleucine{....... Upright tubes 9 3.25 1.7 0.67 5.8 
| 18 3.75 2.3 | 0.97 | 10.5 
20 4.97 3.7 0.86 | 6.5 
u-Lysine ........... Upright tubes 9 {| 0.63 | 2.2 
13 I 0.85 | 54 

















| 20 | | 1.09 | 8.9 





* Ml. of 0.01 n NaOH. 
t MI. of 0.01 n NaOH at half maximum response per microgram of amino acid 
x 10. 
t Optical density at half maximum X 10. 
§ Optical density at half maximum per microgram of amino acid X 10*. 
|| Standard curves irregular. 
q¥ Twice the quantity of pL-isoleucine used. 


EXPERIMENTAL RESULTS 


The response of 7. geleii H to tryptophan and histidine in upright and 
slanted tubes and in flasks at incubation times from 10 to 24 days in term 
of turbidity (optical density) and acidity is shown in Table VI. Similar 
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studies on isoleucine and lysine in upright tubes are given in Table VI. i. 
Standard curves showing the turbidimetric response of 7’. geleii H to tryp- | 12 


tophan in flasks, slanted tubes, and upright tubes at 19 days incubation | - 
time are shown in Fig. 1 and the acidimetric response in Fig. 2. 


sc RN EL RE oe 


It is of interest that alkaline mixtures were formed when the organism > 
was grown at low levels of tryptophan in slanted or upright tubes as well | 17 
as at all levels of tryptophan in flasks. Cell proliferation was approxi | ® 
| mately the same in slanted tubes and flasks but acid production was : 
| greater in slanted and upright tubes than in flasks. The reasons for these a1 
results are not entirely clear, but it may be noted that the air-liquid inter- 22 
faces were approximately equal in the slanted tubes and flasks and were 23 
greater in these containers than in the upright tubes. Presumably the a 
oxygen tension was less in the solutions of greater than those of lesser : 
depth, due possibly to the utilization of oxygen near the surface of the n 
liquids by this essentially aerobic organism. 2 
Standard curves for the four amino acids investigated are shown in 2 
Figs. 3 to 6. Experiments are in progress on the development of assay a 
procedures for the determination of these amino acids. . 
32 

SUMMARY 
A basal medium containing extracts of liver and Cerophyl powders, in x 
addition to chemically defined components, has been developed on which be 
Tetrahymena geleit H grew well and produced a relatively large amount of 4 
acid. Growth and acid production by this organism have been studied 31 


in flasks, upright tubes, and slanted tubes over incubation periods up to 
1 24 days. The inverse relation found between growth and acid produe- 
tion under some conditions may be related to the area of the liquid-air 
interfaces and to the volumes of unexposed liquids. The observation of 
Kidder and Dewey (2) has been confirmed that isoleucine, lysine, histi- 
dine, and tryptophan are essential for the protozoan, and standard curves 
have been obtained for these amino acids. Assay procedures for the 
determination of some of these amino acids are under investigation. 
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STUDIES ON PROTEINS FROM BOVINE COLOSTRUM 


lI. THE HOMOLOGOUS AND HETEROLOGOUS TRANSFER OF INGESTED 
PROTEIN TO THE BLOOD STREAM OF THE YOUNG ANIMAL* 


By R. G. HANSENT anp PAUL H. PHILLIPS 


(From the Department of Biochemistry, College of Agriculture, University of Wisconsin, 
Madison) 


(Received for publication, February 24, 1949) 


It has been adequately demonstrated that the new-born calf and kid 
acquire antibody proteins from ingested colostrum (1). These immune 
proteins appear in the blood stream of the young animal in a form im- 
munologically indistinguishable from that in the colostrum (1). This 
apparent passage of intact protein through the gastrointestinal tract of the 
calf and kid is characteristic of the first few days of life (1, 2). 

The proteins of colostrum whey of the cow, goat, and pig are similar in 
that the principal fraction is globulin in nature (arbitrarily called ‘‘immune’’ 
globulin) with a low electric mobility (3, 4). The “immune” globulins of 
cow colostrum have been reported (4) to migrate in an electric field at a 
faster rate than the corresponding proteins of goat and pig colostrum. 
This difference in mobility has been used to study, by electrophoresis, the 
apparent gastrointestinal absorption of these colostrum proteins by the 
young kid. Further, immunological tests have been employed to study 
the possible transfer of normal milk “immune” protein from the gastro- 
intestinal tract to the blood of the new-born calf. The results of both the 
electrophoretic and the immunological studies are reported here. 


Methods 


Colostrum samples were taken from the goat, cow, and pig immediately 
following parturition. Each sample was divided into two portions. One 
portions was fed ad libitum to a newly dropped kid. Electrophoretic 
analyses were performed in duplicate on the second portion of each colos- 
trum whey after dialysis at 0°, first against several changes of saline, then 
finally against two changes of the barbiturate-citrate buffer used previously 
(2). Blood serum samples were taken from the jugular vein of each kid at 
birth and 24 hours after feeding and analyzed electrophoretically. The 
results were computed as in earlier studies (2). 


*Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. This investigation was supported in part by a grant from Merck 
and Company, Inc., Rahway, New Jersey. 

t Present address, Department of Biological Chemistry, University of Utah School 
of Medicine, Salt Lake City 1, Utah. 
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Three groups of new-born calves were separated from their dams before 
nursing and treated as follows: One group (control) was fasted 24 hours, 
the second group was fed milk from cows in mid-lactation, while the third 
was fed cow colostrum. The calves were bled from the jugular vein at 
birth, then again at 24 hours, and the serum was separated for the im- 
munological studies. 

Rabbits were immunized to the purified cow colostrum pseudoglobulin 
described previously (5). Serum from the immune rabbits (two to three 
per group) was collected and pooled. The possible presence of specific 
antigen proteins in the sera of the calf was studied by conventional pre- 
cipitin tests. Various dilutions of the sera under test were placed in layers 
above the immune serum and tupbidity was estimated visually after a 2 
hour incubation period. In check determinations, turbidity was also 
estimated in the Beckman spectrophotometer at 660 mz. 


Results 


Colostrum Feeding—The various colostrum whey electrophoretic patterns 
were observed to be similar to those described by Deutsch (4), and are 
therefore not presented in detail; however, the percentage and mobility 
of the “immune” component of each whey studied is given in Table I. 
The principal component of cow colostrum exhibited decidedly greater 
mobility (—2.7 X 10-* sq. cm. per volt per second) than either of the corre- 
sponding components from goat and pig colostrum. It was not possible 
to distinguish between the “immune” components of goat and pig colostrum 
electrophoretically. 

The serum of the kid at birth contains very little, if any, protein corre- 
sponding to the adult y-globulin fraction (Fig. 1). This may perhaps be 
inferred from an analogy to results of the studies with the calf (6). Follow- 
ing ingestion of each of the three colostrum milks studied, there was a 
striking increase in the “immune”’ proteins of the goat serum. In the case 
of the animal receiving the cow colostrum, half (49.8 per cent) of the serum 
proteins was acquired from the ingested milk, while in the animals fed goat 
and pig colostrum, this newly acquired protein amounted to 40.2 and 26.7 
per cent, respectively, of the serum proteins. As ad libitum feeding was 
permitted, it is not possible to compare the magnitude of the serum changes 
between the various animals, following the ingestion of colostrum from 
the different sources. 

The electrophoretic mobility of the newly acquired protein in the kid 
serum in all cases was identical to the mobility of the principal whey com- 
ponent of the ingested colostrum (Table I). From an electrophoretic 
standpoint, no alteration in the protein appears to have occurred in the 
change from colostrum to the blood of the kid. The similarity of the colos- 
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trum “immune” proteins from the various sources studied is emphasized 


by the striking change in the serum of the new-born goat following their 


TaBLeE I 
Absorption of Colostrum Proteins by New-Born Goat As Measured by Electrophoresis 
The electrophoretic analyses were performed at 1° in a barbiturate-citrate buffer 
at pH 8.6 and ionic strength 0.088. Mobilities are negative in sign and are ex- 


pressed a8 Sq. cm. per volt per second X 10-6 and were calculated with reference 
to the salt boundary. 











NIU 5.4, 65 9'0'0s.0 5.0 64 sans yada dpnine onee has ceucabeun eens Goat | Cow Pig 
Principal colostrum com- | % of whey proteins | 50.2 | 71.0 63.0 
ponent | Mobility | 20 | B 2.0 
New component in kid | % of serum proteins | 40.2 | 49.8 26.7 
serum | Mobility | 20.) oe be 





——> 
1A 
C 
















— 
3A 
E 


3B Y 


e & € 


Fic. 1. Electrophoresis patterns of new-born goat serum (A) prior to and (B) 24 
hours after the ingestion of goat (1), cow (2), or pig (3) colostrum. The experiments 
were conducted for 120 minutes in a barbiturate-citrate buffer at pH 8.6. 


ingestion ; this similarity is evident in spite of the mobility differences. The 
young animal demonstrates considerable selectivity in this reaction to 
ingested proteins as evidenced by the failure of other colostrum and milk 
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proteins to appear in the blood stream as shown by the electrophoretic 
studies. 


Immunological Studies—Even before the ingestion of milk, the serum of | 


the new-born calf gave decided evidence for the presence of protein jm. 
munologically similar to cow colostrum pseudoglobulin (Table II). This 
finding is unusual inasmuch as numerous workers (1) have clearly showy 
that specific antibodies are not present in calf serum until after colostrum 
feeding. The relation of this protein to the “immune” proteins and its 
position in the serum electrophoretic pattern is therefore of considerable 
interest; however, until isolation of this protein can be accomplished, the 
electrophoretic serum fraction with which it is associated remains a matter 
of speculation. 


TaBLe II 
Absorption of Proteins by New-Born Calf As Measured by Immunological Assay 
1:10 serial dilutions of the calf sera were made. + indicates a positive turbidity, 
+ indicates a questionable turbidity, and — is used when no turbidity was visually 
evident when the diluted sera were placed in layers above the immune sera. 











No. of | Material fed Time ashi onl 
calves , 
Serum 1 | 2 | 3 4 5 
3 Control Birth + -+ + 
24 hrs. + “+ + - 
3 Normal milk Birth + ++ +: 
24 hrs. + + + t t 
1 Colostrum Birth +- + + - 
24 hrs. + | + | “to | + | 4 L 


Immunological tests indicated that the serum of the young calf acquires 
“immune” protein from the ingestion of normal milk (Table II). The 
suggested (7) similarity of globulins of colostrum and normal milk is thus 
further indicated. The magnitude of this increase is small, however, as 
evidenced by the failure of electrophoretic procedures to detect any change 
in calf serum following the ingestion of normal milk (2). 


SUMMARY 


New proteins appear in the blood stream of young kids following the 
ingestion of goat, cow, and pig colostrum. No change in these proteins, 
measurable by electrophoresis, appears to have occurred during their 
passage from the colostrum to the blood stream of the kid. 

The serum of the new-born calf contains small amounts of proteins 
immunologically similar to colostrum “immune” proteins. 

An increase in serum “immune”’ proteins of the young calf resulted from 
the ingestion of normal milk. 
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PREPARATION OF CYSTINE FROM RADIOACTIVE SULFUR* 


By JOHN L. WOOD anv L. VAN MIDDLESWORTH 


(From the Departments of Chemistry and Physiology, School of Biological Sciences, 
University of Tennessee, Memphis) 


(Received for publication, December 16, 1948) 


Small amounts of cystine labeled with S*®* and of high specific activity 
were needed for our biological studies. Several methods were available 
for the synthesis of cystine (1-5), but each of these would require more 
study. Two methods have been used previously for the preparation of 
radioactive cystine, the methods of Wood and du Vigneaud (2, 6) and of 
Tarver and Melchior (3). Neither of these appeared directly applicable to 
the small scale production at the high level of radioactivity we required, 
or convenient for the recovery of unused labeled sulfur. 

One of us (J. L. W.) had previously prepared benzanthrylcysteine by 
direct condensation of a-amino-8-chloropropionic acid with benzanthryl 
mercaptan in aqueous alkaline solution (7). With an improved prepara- 
tion of benzyl mercaptan available (8) it has been possible to apply the 
analogous reaction to direct synthesis of radioactive benzylcysteine (and 
cystine from serine) and 16 mg. of free sulfur labeled with S*. The reac- 
tions involved are illustrated. The process can be carried to completion 
in a test-tube connected to a gas-washing train (Fig. 1). 

Benzylcysteine is the intermediate of choice, since it is the starting 
material for the resolution of cystine into its enantiomorphs (9, 10) and 
for the preparations of many derivatives. The experimental part de- 
scribes the new features of the method in the necessary detail for their 
duplication. About half of the radioactive sulfur is incorporated into 
benzyleysteine. The rest remains with specific activity undiminished 
in a small volume of solvents for easy recovery as sulfate. 


EXPERIMENTAL 


Particular note should be made of the ease with which peroxides or air 
oxidizes benzyl mercaptan in alkaline solution. All operations with radio- 
active sulfur should be carried out in a well ventilated hood. We have 
observed under a variety of conditions, with non-radioactive materials, 
that S-benzyl derivatives such as benzylcysteine release enough volatile 
products to cause a taste sensation. 

a-Amino-8-chloropropionic Acid—6 gm. of serine methyl ester hydro- 


* This work was supported by grants from the Rockefeller Foundation and the 
American Cancer Society. 
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chloride! (11) were finely powdered and suspended in 50 ml. of dry chloro- 
form in a 125 ml. glass-stoppered Erlenmeyer flask. Four glass beads and 
9.0 gm. of powdered phosphorus pentachloride were added. The mixture 
was cooled in an ice bath, then allowed to warm with vigorous shaking 
until the evolution of hydrochloric acid indicated reaction to be occurring. 
The shaking was continued until all of the serine methy] ester hydrochloride 
had dissolved, the temperature being regulated by occasional immersion 
in the ice bath to keep the rate of reaction under control. 





The solution was filtered into a 250 ml. suction flask. Dry diethy] 
ether was cautiously added to the filtrate until precipitation began. Dry 
petroleum ether was then added slowly until all material had separated. ee. 


The product generally separated in crystalline form. If it did not, the 
| CH,CHCOOCH, 6) pgj,  CH:CHCOOH 





OH NH,-HCl (2) HCl Cl NH,-HCI 
(I) 

C,H,CH,;MgCl + 8 —————> _ C,H,CH,SMgCl 
(ID 


1+ —NaOH , CH.CH,SCH,CHCOOH 





NH, 
(II) 
si (1)Na in liquid NH, . SCH,CHCOOH 
(2) Air : 
NH, 
SCH,CHCOOH 
NH, 


first oil obtained was rubbed with a glass rod with cautious increments of 
petroleum ether until crystallization began. The product was cooled in 
an ice bath for 15 minutes and then filtered. Part of the crystals adhered 
to the flask. These were washed in situ with petroleum ether and this 
was poured over the material on the funnel until no odor of phorphorus 
oxychloride remained. The solid was washed out of the suction flask 
with 20 per cent hydrochloric acid. The material in the funnel was added 
and the solution (60 ml.) was heated for 1 hour at 100°. 

The hydrochloric acid solution was evaporated to dryness in vacwd. 
About 10 ml. of benzene were added and the mixture was again evaporated 
to dryness. The residue was crystalline. It was dissolved in dry meth- 


1 We are indebted to Merck and Company, Inc., for a generous supply of serine. 
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anol and filtered. The methanol was evaporated to a sirup, and dry 
acetone was added to produce incipient cloudiness. When crystalliza- 
tion began, ethylene chloride was added. The product was cooled in an 
ice bath and then was filtered and washed with acetone. The weight of 
a-amino-§-chloropropionic acid hydrochloride was 2.3 gm. When im- 
mersed in the bath at 165° it melted at 172-174° (corrected) with de- 
composition. 
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Fic. 1. Gas-washing train. A and B, safety tubes charged with 1 ml. of 5 N 
sodium hydroxide; C, reaction tube, 20 X 120 mm. The dropper on C contained 
a-amino-8§-chloropropionic acid hydrocloride solution. 











of This product was sufficiently pure for the synthetic purposes. It was 
co stored in a refrigerator over calcium chloride. After some months a sample 
ed contained methanol-insoluble material. It was satisfactorily purified by 
his crystallization from a methanol-acetone-ethylene chloride mixture. 
rus Benzylcysteine from Radioactive Sulfur—A solution of 16 mg. of sulfur 
isk in xylene was prepared by oxidizing radioactive sulfide ion? with iodine in 
led potassium iodide as described previously (8). The xylene was concen- 
trated by boiling to about 2 ml. in a 24/40 standard taper test-tube 
U0. (Fig. 1). Benzyl magnesium chloride (5 ml. of 0.5 m solution in benzene 
ted (12)) was added to the cold solution; it was stoppered and allowed to 
sth- 


* Radioactive sulfur was obtained from the Oak Ridge National Laboratory under 


" allocation from the United States Atomic Energy Commission, in separated form 
} as H.SO,. 
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stand overnight. The suspension was stirred up with 5 ml. of peroxide- 
free petroleum ether and then was centrifuged. The supernatant was 
decanted and the residue was again washed with peroxide-free petroleum 
ether, which was decanted. The tube containing the residue was placed 
on the gas-washing train illustrated in Fig. 1 and a stream of nitrogen was 
passed through. The tube was cooled in an ice bath and 1 ml. of 5 n 
sodium hydroxide was added. Stirring was effected by a stream of nitro- 
gen from the inlet tube which extended into the test-tube. The tem- 
perature was then raised to 50° and 240 mg. of a-amino-8-chloropropionic 
acid hydrochloride in 7 drops of water were added over a period of 5 
minutes. The suspension was maintained at 50° for 45 minutes with 
nitrogen stirring, and then an excess of glacial acetic acid was added. 
The product was overlaid with petroleum ether to retain unchanged 
benzyl mercaptan and then was collected on a sintered glass funnel. The 
crystals on the funnel were washed with a few drops of ice water, with 
95 per cent ethanol, and finally with ether. The dried product weighed 
40 to 46 mg., which was 38 to 44 per cent of the theoretical amount. It 
was sufficiently pure for dilution or for further synthesis without recrys- 
tallization. The melting point was 213-214° with decomposition. 


CwHy:0:NS. Calculated. N 6.63, 8 15.2 
(211.1) Found. ** 6.66, ‘* 14.7 
** 6.56, “£ 14.9 


Typical preparations have yielded benzyl-pi-cysteine having radioac- 
tivity of 20, 50, and 250 counts per second per microgram of sulfur when 
measured with a thin window (2.1 mg. per sq. cm.) Geiger-Miiller tube. 

All residual solutions were combined with sodium hydroxide in excess. 
A few drops of 30 per cent hydrogen peroxide were added, and the solu- 
tions were evaporated preparatory to fusion of the residue with sodium 
peroxide and recovery of the sulfur as barium sulfate according to the 
method of Bailey (13). 

As a further check on the identity of the product, 21 mg. of the syn- 
thetic S-benzyl-p.-cysteine were acetylated with acetic anhydride in alka- 
line solution. 24 mg. of the acetyl derivative, m.p. 156.5-157.5°, were 
obtained and shown to be identical with an authentic sample of N-acetyl- 
S-benzyl-pi-cysteine (14). 

Radioactive Cystine-—A sample of radioactive S-benzyl-pL-cysteine was 
converted to S-benzyl--cysteine by isotopic dilution as described in the 
accompanying paper (9). 248 mg. of S-benzyl-L-cysteine (0.24 count per 
second per microgram of sulfur) were treated with sodium in dry liquid 


* This preparation was carried out by Dr. H. R. Gutmann. 
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ammonia according to the method of Wood and du Vigneaud (10). The 
product was oxidized with air to yield 109 mg. of radioactive L-cystine 
(0.27 count per second per microgram of sulfur) or 77 per cent of the 
theoretical amount. 


SUMMARY 


A method for the preparation of benzyl-pt-cysteine from 16 mg. of 
radioactive sulfur has been presented. This product may be converted 
to optically inactive cystine, or resolved into benzyl-t- and benzyl-p- 
cysteine. 
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RADIOACTIVE t-CYSTINE AND pv-METHIONINE. A STUDY OF 
THE RESOLUTION OF RADIOACTIVE RACEMATES BY 
ISOTOPIC DILUTION* 


By JOHN L. WOOD anno HELMUT R. GUTMANN 


(From the Department of Chemistry, School of Biological Sciences, University of 
Tennessee, Memphis) 


(Received for publication, December 16, 1948) 


The methods of synthesis necessary to produce a radioactive asym- 
metric organic compound from an inorganic irradiation product generally 
lead to a racemic mixture. The course of many biological reactions is 
characterized by a stereochemical specificity, however, which makes it 
often desirable to use optical isomers of the labeled compound instead 
of the racemic mixture for experimental work. The resolution of the 
racemate for this purpose must be complete. If the resolution has not 
been complete, and the isomer used retains contaminating radioactivity 
in the form of its enantiomorph, the radioactivity found in various in- 
termediates and products may represent more than one metabolic path- 
way. 

For studies involving the sulfur-containing amino acids, radioactive, 
optically pure isomers of cystine and methionine were required. Methods 
were available for the resolution of benzyl-pi-cysteine (1) and benzyl- 
pL-homocysteine (2) which are used in the preparation of the optical 
isomers of cystine and methionine respectively. However, it was recog- 
nized that these methods are controlled by the measurement of optical 
activity which is too gross to detect the presence of a minute amount of 
labeled D isomer in an L fraction. Furthermore, the more sensitive radio- 
activity measurements could not be used to demonstrate the removal of 
D isomer from the L by fractional crystallization, since both isomers would 
have the same specific radioactivity. 

The preparation of labeled optical isomers of cystine and methionine 
by isotopic dilution offered a solution to this complication. When a 
radioactive racemate is diluted by the addition of a large amount of one 
optical isomer, a difference in the specific radioactivities of the enantio- 
morphs is produced. Fractional crystallization to isolate a single, labeled 
enantiomorph can then be followed by radioactivity measurements. For 
example, a radioactive racemate is dissolved and the solution is then 
supersaturated with respect to the L form by the addition of a large amount 


* This work was supported by grants from the American Cancer Society and the 
Rockefeller Foundation. 
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of unlabeled t isomer. A solid phase can then be crystallized in the form 
of pure L isomer which is labeled with the major portion of the radioac. 
tive L molecules from the racemate. If the L preparation is contaminated 
by a trace of radioactive p molecules, the specific radioactivity of the ma- 
terial will decrease with successive recrystallizations as the L isomer is 
purified. The specific radioactivity will reach a constant value when all 
the radioactive p molecules have been removed. The experimental pro- 
cedure is illustrated by the following examples which lead to radioactive 
L-cystine and radioactive p-methionine. 

Solubility determinations, carried out with benzyl-L-cysteine and benzyl- | 
pL-cysteine, showed the concentration in a saturated aqueous solution of 
pH 6 to 7 at ice bath temperature to be approximately 6 and 2 mg. per 
ml., respectively. Labeled benzyl-pi-cysteine was prepared from radio- 
active sulfur (3) with a specific activity which was 100 times greater than 
required for experimental purposes. The product was diluted 66-fold 
with non-radioactive benzyl-L-cysteine. The mixture was recrystallized 
from enough solution to retain the benzyl-pi-cysteine in the mother li- 
quors. Due to the exchange of L molecules which occurred when the benzyl- _| 
DL- and benzyl-L-cysteines were dissolved together, the crystals of ben- | 
zyl-L-cysteine, which were obtained, contained the major portion of the 
radioactive L molecules from the racemate. In order to improve the 
completeness of the separation, the product was recrystallized until the 
specific radioactivity no longer changed from fraction to fraction. To 
conform to the criteria of purity discussed below, the recrystallized ben- 
zyl-L-cysteine was converted either to N-acetyl-S-benzyl-u-cysteine or to 
L-cystine. These derivatives had the same specific radioactivity as the 
materials from which they were made. 

Benzyl-pL-homocysteine was prepared from radioactive sulfur on a 
micro scale (1 mm) by adapting the procedure of Snyder and Chiddix (4). 
By omitting the isolation of intermediates, the procedure for the radio- 
active preparations is simplified with no sacrifice in yield. The radio- 
active DL mixture was diluted with 10 times its weight of non-radioactive 
benzyl-p-homocysteine. Recrystallization of the mixture from enough 
water to retain all of the pt form yielded pure, labeled benzyl-p-homocys- 
teine. A sample was converted to the N-acetyl derivative without alter- 
ing the specific radioactivity of the sulfur. Pure, labeled p-methionine 
was likewise available from the benzyl-p-homocysteine (2). 














EXPERIMENTAL 


The solubilities of racemic mixtures and isomers were determined on 
saturated solutions. The compounds were dissolved in dilute hydro- 
chloric acid and precipitated by adjusting the solution to pH 6 to 7 by 
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addition of dilute sodium hydroxide. After cooling at ice bath tempera- 
ture, the mother liquors were analyzed for nitrogen by the micro-Kjeldahl 
procedure. 

For radioactivity determinations the compounds were combusted by 
the micro-Carius or perchloric acid procedure and precipitated as ben- 
gidine sulfate by the methods previously described (5). All measure- 
ments were corrected for radioactive decay and for self-absorption by the 
sample. 

Benzyl-L-Cysteine and u-Cystine—A mixture of 15 mg. of radioactive 
benzyl-pL-cysteine and 488 mg. of unlabeled benzyl-L-cysteine was crystal- 
lized by dissolving in hot dilute hydrochloric acid followed by neutraliza- 


TaBLeE I 
Preparation of Radioactive L .-Cystine from Radioactive Benz yl-t DL ~cysteine 











\ | | | 
Weight | | Specific | Estimated 
Compound recrystallized ag | of sample | Volume Recovery | “sees, | lees a 
} | of sulfur | D isomer 
mg. ' ml, mg. | poset > per cent 
Benzyl-.-cysteine 1 503* | 7.5 362 | 0.23 100 
2 361 | 10.4 | 249 0.24 100 
L-Cystine 1 248t | 109 
2 109 92 0.27 





. This sample consisted of 7.5 mg. each of labeled hensyl- L -eyateine and  bensyl- 
p-cysteine in pL mixture diluted with 488 mg. of unlabeled benzyl-.-cysteine. The 
dilution factor for the L isomer was 66.1. The specific radioactivity before dilution 
was 20.9 counts per second per microgram of 8. 

t This is expressed as benzylcysteine equivalent to 141 mg. of t-cystine. 


tion with sodium bicarbonate solution (Table I). The crystals were col- 
lected, washed with ice water, ethanol, and ether, and dried 
over phosphorus pentoxide. Since the radioactivity was not changed by 
recrystallization, the product was converted to L-cystine by treatment 
with sodium in liquid ammonia followed by air oxidation (1). 248 mg. 
of benzyl-L-cysteine yielded 109 mg. of t-cystine which, after recrystal- 
lization, had an optical rotation which agrees with that reported in the 
literature, [a]22 = —223° (6). The chemical reaction did not alter the 
specific radioactivity of the sulfur. 

In another experiment a mixture of 34 mg. of crude radioactive benzyl- 
DL-cysteine and 500 mg. of inactive benzyl-L-cysteine was dissolved in 
0.1 n hydrochloric acid, and 0.1 N sodium hydroxide was added until 
the pH was adjusted between 6 and 7. The solution was cooled over- 
night in an ice bath. The crystals were collected, washed with 1 ml. 
of cold water and with ethanol, and dried over phosphorus pentoxide in 
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vacuo at 75° forl hour. The yield of material was451 mg. Table II shows 
the progress of purification with recrystallization. As soon as sufficient 
material had been lost for complete retention of the p isomer by the mother 
liquors (Fraction 3) the acetyl derivative was prepared. However, radio- 
activity determinations disclosed that the fractionation of the radioactive 
cysteines had not been completed at this point. Thus the specific activity 
of the acetyl derivative was less than that of the third fraction. Two 
recrystallizations of the acetyl derivative from dilute alcohol did not 
change its specific radioactivity. The benzyl-t-cysteine was therefore 


TaBLeE II 
Preparation of Radioactive Benzyl-u-cysteine and N-Acetyl-S-benzyl-u-cysteine from 
Radioactive Benzyl-pu-cysteine 











Compound recrystallized — B pe Volume Recovery ieee ity | a - 
i use of sulfur D isomer 
mg. ml. mg. oan or per cent 
Benzyl-L-cysteine 1 534* 11 451 3.33 43 
2 447 7 402 2.90 64 
3 400 6 346 2.60 78 
4 83 3 52 
5 49 4 28 2.08 102 
N-Acetyl-S-benzyl-t- 1 250 246 2.17 
cysteine 2 240 220 2.08 
3 2.18 























* This sample consisted of 17 mg. each of labeled benzyl-L-cysteine and benzyl-p- 
cysteine in DL mixture diluted with 500 mg. of non-radioactive benzyl-.-cysteine, 
a dilution factor of 30.4 for the L isomer. The specific radioactivity before dilution 
was 140 counts per second per microgram of 8. The theoretical weight loss required 
for resolution of isomers was estimated from the solubility determinations to be 
136 mg. 


twice more recrystallized, the specific activity was found to be the same 
as that of the acetyl derivative, and the resolution was considered com- 
plete. Furthermore, the product of the dilution factor, 30.4, times the 
final specific activity, 2.13 counts per second per microgram of sulfur, 
was much less than the specific activity of the original material. This 
indicated that the resolution had removed a small amount of a sulfur 
compound of high specific radioactivity which had contaminated the 
original DL sample. 

In an earlier experiment, 17 mg. of labeled benzyl-pi-cysteine diluted 
with 200 mg. of non-radioactive benzyl-L-cysteine were dissolved in hydro- 
chloric acid and crystallized by adding ammonium hydroxide. A deter- 
mination of the optical rotation indicated that the compound was optically 
pure; however, the specific radioactivity of the sample was reduced by 
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recrystallization of the compound in the form of the hydrochloride. It 
remained the same after the third recrystallization. The yield was only 
63 mg. of benzyl-L-cysteine plus 25 mg. which had been expended in radio- 
activity determinations on the various fractions. The compound was 
converted to N-acetyl-S-benzyl-L-cysteine which had the same specific 
radioactivity as the starting material. 

70 mg. of mixed isomers of benzylcysteine were recovered from the 
original mother liquors. This material was racemized and converted to 
N-acetyl-S-benzyl-p.-cysteine by the method of Wood and du Vigneaud 


TaBLe III 


Preparation of Radioactive Benzyl-p-homocysteine and N-Acetyl-S-benzyl-p- 
homocysteine from Radioactive Benzyl-pL-homocysteine 


























Compound recrystallized is gg Pr 8 Volume Recovery nities eo x 
use of sulfur L isomer 
mg. ml. mg. py “i per cent 

Benzyl-p-homocys- 1 110* 10 91 1.84 32 
teine 2 88 10 81 1.43 70 
3 40 10 25 1.10 100 
N-Acetyl-S-benzyl-p- 1 30t 30 1.14 
homocysteine 2 24 10t 4 1.05 











*This sample consisted of 4.94 mg. each of radioactive benzyl-L-homocysteine 
and benzyl-p-homocysteine in pL mixture diluted with 100 mg. of unlabeled benzyl- 
p-homocysteine, a dilution factor of 21.04. The specific radioactivity before dilution 
was 22.1 counts per second per microgram of S. The solubility of benzyl-p- 
homocysteine was estimated at 0.5 mg. per ml. and that of benzyl-pL-homocysteine 
at 1 mg. per ml. 

+ 30 mg. of benzyl-p-homocysteine. 

{10 ml. of a 50 per cent ethanol and water mixture. 


(1). The specific activity of this pL preparation was 3.2 times that of 
the L obtained in the resolution. 

Preparation of Radioactive Benzyl-pu-homocysteine—Benzyl mercaptan 
was prepared from radioactive sulfur (1 mM) as previously described (7). 
The solution was dried with sodium sulfate and the solvent was distilled. 
To the residue of radioactive benzyl mercaptan was added 0.07 ml. of 
unlabeled benzyl mercaptan in 5 ml. of 0.48 m sodium ethoxide, making a 
total of 1.1 mm of benzyl mercaptide. To this solution was added a 
suspension of 240 mg. of pure 3,6-bis(8-chloroethyl)-2 ,5-diketopipera- 
tine’ in 5 ml. of absolute ethanol. The suspension was heated under a 
teflux for 1 hour. The solvent was distilled and 10 ml. of 9 m hydrochloric 


‘We are indebted to Dr. E. E. Howe of Merck and Company, Inc., for a generous 
amount of 3,6-bis(6-chloroethyl)-2,5-diketopiperazine. 
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acid were added to the nearly dry residue. The suspension was heated 
under a reflux at 110—-120° for 7 hours. The solution was then allowed to 
cool to room temperature, filtered with charcoal, and concentrated nearly 
todrynessin vacuo. 5 ml. of distilled water were added and the solution was 
again concentrated in vacuo. The residue was taken up in 10 ml. of dis- 
tilled water and neutralized with concentrated ammonium hydroxide, 
The precipitate was collected, washed successively with distilled water, cold 
absolute ethanol, and cold ether. The benzyl-pt-homocysteine weighed 
55.3 mg., which represented a yield of 25 per cent of the theoretical 
amount, and melted at 240-243° with preliminary darkening. On a trial 
run the product was acetylated according to the procedure of du Vigneaud 
and Irish (8). N-Acetyl-S-benzyl-pt-homocysteine has a melting point 
of 115°. 

Radioactive Benzyl-p-homocysteine—To 9.87 mg. of radioactive benzyl- 
pL-homocysteine were added 100 mg. of unlabeled benzyl-p-homocys- 
teine.2 The mixture was dissolved in 5 ml. of N hydrochloric acid and 
reprecipitated by the addition of 5 ml. of N sodium hydroxide. The pH 
was adjusted to 7 with a few drops of 0.1 n hydrochloric acid and the mix- 
ture was placed in an ice bath for several hours. The precipitate was 
collected and washed with cold absolute ethanol and cold ether. After 
it had been dried over phosphorus pentoxide in vacuo, the precipitate 
weighed 91 mg. ‘Table III shows the results of radioactivity determina- 
tions on this and subsequent recrystallizations. The acetyl derivative 
was prepared with no alteration of the specific radioactivity of the sulfur. 


DISCUSSION 


The method appears to be generally applicable to the resolution of 
radioactive a-amino acids or other radioactive racemic compounds.’ Both 
isomers should be obtainable from the same radioactive racemate. After 
the first crystalline isomer, for example the L, has been separated, the 
mother liquor contains the labeled p isomer with its original specific radio- 
activity and L isomer of a specific radioactivity which is equal to that of 
the isolated solid material. A labeled p preparation may be crystallized 
from the mother liquor after the solution has been supersaturated with 
unlabeled p isomer. In order to follow its purification by radioactivity 
measurements, it is apparent that a dilution factor must be selected which 
is significantly greater than the one which was used in the isolation of the 


* Benzyl-p-homocysteine was kindly supplied by Dr. Vincent du Vigneaud. 

* At least one other instance has been reported by Weinhouse and Millington (9) 
who diluted radioactive pu-tyrosine with unlabeled t-tyrosine and recrystallized 
the product. However, no evidence was offered to establish the degree of complete 
ness of the resolution. 























—= ot wm 


— a_i eeelOlCetlC hE lCO EO CORT 


ated 
d to 
arly 
was 
dis- 
cide. 
cold 
thed 
tical 
trial 
aud 
oint 


zy!- 
cys- 
and 


mix- 
was 
fter 
tate 
ina- 
tive 
fur. 


. of 
oth 
fter 

the 
dio- 
t, of 
ized 
vith 
vity 
hich 

the 


1 (9) 
ized 
lete- 











J. L. WOOD AND H. R. GUTMANN 541 


i isomer. The presence of contaminating radioactive L molecules in the 
p preparation may then be detected on the basis of the differences in their 
respective specific radioactivities. It should be noted that saturating the 
solution of the racemate with both enantiomorphs in turn, during the 
resolution, will increase the total amount of racemate present. In order 
to prevent separation of pL crystals the second isomer should be crystal- 
lized from an appropriately increased volume of solution. 

As an alternative to the separation of the second isomer, the mixture 
of p and L isomers remaining in the mother liquor may be racemized. A 
second isotopic dilution with more unlabeled enantiomorph may be car- 
ried out. This will permit the crystallization of additional labeled isomer 
of somewhat lower specific radioactivity. 

In applying the method a solvent should be so chosen as to prevent, as 
far as possible, interaction between the various molecular species in the 
solution or solid phase. It may be necessary, as shown in the experimen- 
tal part, to recrystallize more than once in order to attain constant specific 
radioactivity in succeeding fractions. However, this is not always suf- 
ficient to prove completeness of the resolution of labeled molecules. It 
is becoming increasingly apparent that recrystallization does not always 
eliminate very minute amounts of radioactive impurities (10, 11). If the 
compound in question, however, can be converted to a derivative without 
change in the specific radioactivity, as illustrated in the experimental 
part, the concept of purity established by recrystallization to constant 
radioactivity will be greatly extended. 

An additional check on the completeness of the resolution of isomers 
may be obtained by comparing the specific radioactivity of the final prod- 
uct with that of the unresolved material. The final specific activity 
multiplied by the weight dilution factor can never be greater than the 
original activity. If it is less, the original pL substance was likely con- 
taminated with other radioactive compounds. In such instances the pro- 
cedure presented here accomplishes both the resolution of radioactive 
molecules and the elimination of radioactive impurities. The radioac- 
tive racemate should be synthesized with a high specific activity. This 
will permit the use of large dilution factors in the resolution and thus keep 
the loss of radioactive molecules in the mother liquors at a minimum. 


SUMMARY 


A procedure for the resolution of radioactive racemates based on isotope 
dilution has been applied to the preparation of radioactive L-cystine and 
radioactive p-methionine. 

Radioactive benzyl-p.-cysteine diluted with unlabeled benzyl-L-cysteine 
was resolved to radioactive benzyl-L-cysteine by fractional recrystalliza- 
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tions. The progress of the resolution was followed by measurements of 
the specific radioactivity in successive fractions. Crystallization to con- 
stant specific radioactivity and conversion of the last fraction to optically 
pure, radioactive L-cystine or radioactive N-acetyl-S-benzyl-L-cysteine 
with no change in the specific radioactivity indicated that the resolution 
was complete. 

The resolution of radioactive benzyl-pL-homocysteine, an intermediate 
in the synthesis of methionine, to radioactive benzyl-p-homocysteine was 
accomplished by the same method. Conversion of the last fraction to 
the acetyl derivative and recrystallization of the derivative without change 
in the specific radioactivity indicated that complete resolution to benzyl- 
p-homocysteine had been achieved. 

The synthesis of radioactive benzyl-pL-homocysteine on a micro scale 
has been reported. 

Conditions for the resolution of other radioactive asymmetric com- 
pounds by the isotope dilution method have been outlined, and the cri- 


teria which were employed in ascertaining the extent of the resolution have 
been discussed. 
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STUDIES ON CHOLINESTERASE 
VI. KINETICS OF THE INHIBITION OF ACETYLCHOLINE ESTERASE* 


By KLAS-BERTIL AUGUSTINSSON{ anp DAVID NACHMANSOHN 


(From the Department of Neurology, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, December 20, 1948) 


Enzyme inhibitors have long been used in the analysis of cellular fune- 
tion for separating different steps in complex chemical reactions and for 
studying the effect of blocking these reactions in the intact cell. Inhibi- 
tors of choline ester-splitting enzymes, especially the alkaloids prostig- 
mine and eserine, have attracted the interest of investigators in view of 
the physiological rédle of acetylcholine. In contrast to the inhibitors pre- 
viously known, some powerful agents recently developed inactivate the 
enzymes irreversibly. This property has made it possible to approach 
many new problems for which the compounds previously available were 
not appropriate. Particularly, the diisopropyl fluorophosphate (DFP), in 
the presence of which the irreversible enzyme inactivation is a relatively 
slow process, has been an excellent tool for testing the essentiality of 
acetylcholine-hydrolyzing enzymes in nerve conduction (1-3). 

In addition, the new compounds offer an opportunity for studying 
whether the signs of toxicity must be attributed exclusively to interaction 
with the enzymes. As such an interaction depends on many factors, 
in vitro and still more in vivo, it is imperative to study the kinetics of the 
inhibition of specific esterases, the inactivation of which appears to be 
primarily responsible for the toxic symptoms (4, 5). The properties of 
the esterases of conductive tissue and erythrocytes are distinctly different 
from other choline ester-splitting enzymes (6, 7). The term acetyl- 
choline esterase (ACh-esterase) has been proposed (8) for this type of 
esterases. 

In recent studies on the kinetics of the inhibition of ACh-esterase some 
differences between DFP and the alkaloids have been described (9, 10). 
As before, the ACh-esterase used was exclusively the highly purified 
preparation obtained from the electric tissue of Electrophorus electricus. 


*The work has been carried out under a grant from the United States Public 
Health Service. 

t Fellow of the American-Scandinavian Foundation, with additional grants from 
the Swedish National Medical Research Council and the United States Public Health 
Service. Present address, Biochemical Institute, University of Stockholm. 
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Methods 


The enzyme preparation, obtained as previously described (11), had an 
activity equivalent to 20 gm. of acetylcholine chloride split per hour per 
ml. of solution. The protein content was 1 mg. per ml. The inhibitors 
used, prostigmine bromide, eserine sulfate, DFP, and tetraethy! pyro. 
phosphate (TEPP), were freshly prepared for each experiment. They 
were dissolved in the same buffer solution, containing gelatin, as the en. 
zyme. In the experiments in which the inhibitor effects were tested with 
various substrate concentrations, the final molar concentrations of acetyl- 
choline were 1.1 X 107, 3.3 X 107%, 1.1 X 107,3.3 X 107%, 1.1 x 10% 
3.3 X 10-*. In most of the other experiments, the acetylcholine concen- 
tration was 3.3 X 10-* m, which is close to the optimum. ‘The incuba- 
tion of the enzyme with TEPP at 10°, the subsequent dilution, and the 
manometric determinations of the enzyme activity with the Warburg 
method were carried out as described in a preceding study (10). The 
same procedure was also used in the experiments in which the protective 
action of prostigmine and eserine against DFP and TEPP was tested. 
The course of the enzymatic hydrolysis of acetylcholine in the presence of 
inhibitors and in various substrate concentrations was determined mano- 
metrically at 23-24° in the modification described (7). 


Results 


In Paper V (10) only the enzyme inhibition by DFP was analyzed and 
compared with the kinetics of the inhibition by the alkaloids prostigmine 
and eserine. The present experiments include tetraethyl pyrophosphate, 
found by DuBois and Mangun (12) to be a very potent inhibitor of choline 
ester-splitting enzymes. 

Irreversibility of TEPP Effect—The action of this compound on ACh- 
esterase is almost immediately irreversible (Table I). This has been 
tested with the dilution method described for the DFP action. The con- 
centrated enzyme solution was incubated with TEPP at 10° for varying 
periods of time, diluted 5000 times, and tested for enzymatic activity. 
This dilution brought the concentration of TEPP into a completely in- 
effective range. When the enzyme is incubated with DFP under similar 
conditions, the activity may at first be completely restored, but gradu- 
ally the reactivation becomes less complete. At 10° it may take 2 to 3 
hours until the process becomes completely irreversible. In contrast, the 
TEPP effect appears to be complete almost immediately. After only 2 
minutes incubation at low temperature, no reactivation was obtained by 
dilution, and after 120 minutes incubation the effect for the various con- 
centrations used was about the same as after 2 minutes. The concentra- 
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tion of TEPP required for a 50 per cent inhibition is much lower than in 
the case of DFP, the inhibitory effect thus being apparently not only 
faster but also stronger. 

Inhibition by TEPP As Function of Enzyme Concentration—Although 
the action of TEPP is much stronger than that of DFP, a considerable 
excess Of inhibitor over enzyme concentration is necessary for producing 
50 per cent inhibition. In the most concentrated solution, the enzyme 
concentration during incubation (Table II) is about 4 X 10-* M, esti- 


TABLE [ 
Irreversible Inactivation of ACh-esterase by TEPP 
The enzyme was incubated with TEPP for varying periods of time at 10°. Sub- 
sequently, the solution was diluted and the enzyme activity determined. bx» = 
enzymatic hydrolysis expressed in yl. of CO; evolved per 30 minutes. 




















TEPP concentration Incubation period bao Per cent inhibition 

mu X 108 min. 

Control 195 
0.69 60 148 24 
1.38 15 98 50 
1.38 30 115 41 
1.38 60 92 53 
2.76 60 67 66 

Control 199 
0.69 60 146 27 
0.69 120 155 22 
1.38 2 108 46 
1.38 4 107 46 
1.38 8 107 46 
1.38 60 106 47 
1.38 120 100 50 
2.76 60 39 80 
2.76 120 14 93 





mated on the assumption of a molecular weight of about 3 million. This 
figure is calculated on the basis of the sedimentation rate in the analytical 
tun in which only one component was present (11). In this concentra- 
tio, TEPP in 1.4 X 10-* m concentration produces 50 per cent inhibi- 
tion after 2 minutes incubation. The inhibitor is thus about 35 times in 
excess of the enzyme. With increasing dilution of the enzyme, the excess 
of inhibitor required for obtaining 50 per cent inhibition increases. In 
the greatest dilution tested, the excess is close to 3000 times. In the 
case of DFP, the excess in the highest concentration used was about the 
same as with TEPP. In the greatest dilution, however, the excess was 
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more than 100,000 times. Much longer incubation periods were used jp | t 
the case of DFP, and the results are therefore not comparable. 

Course of Inhibitor Reactions—The course of the enzymatic hydrolysis 
of acetylcholine in the presence of the two types of inhibitors (reversible 
and irreversible) has been studied for various inhibitor concentrations 





TaB_e II 
Inhibition of ACh-esterase by TEPP As Function of Varying Enzyme Concentrations 


The enzyme in varying dilutions was incubated for a period of 5 minutes at 10° 
with different inhibitor concentrations. Subsequently, the enzyme was diluted to 
a concentration 1:5000 of the original solution and the activity determined. The 
experiments with the lowest dilution, 1:5000, were incubated directly in the Warburg 
vessel. bs as in Table I. 
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Experiment 1 Experiment 2 
Enzyme concentration | Inhibitor concentration | ~ = — — ———_— | 
| baa | Per cent be | --Percent 
| inhibition inhibition 
Sewt | : ees | Oe m= =e 
Undiluted Control 195 | 199 
6.9 X 10-7 148 | 24 = 6| «6146 ~«C*F, 27 
13.8 X 1077 92 | 53 106 47 
| 27.6 X 1077 67 | 66 39 82 
10 X dilution | Control 186 | 184 
| it ek 1" 102 | 46 | 84 54 
| 3.45 X 107’ 44 | (oe 40 78 
| 6.9 x 1077 0 | 100 
100 X oF Control 186 | 183 
2.15 xX 10° | 133 22 
| 4.3 X 10-8 92 | 51 102 44 
8.6 X 10-8 47 | 7 55 70 
| 17.2 x 10-8 17 | 91 18 90 
1000 x “ | Control | 207 | 
| 4.3 X 10-8 75 | 68 
| 8.6 xX 10°* 23 | 89 
5000 X a Control 200 207 
0.26 < 10-° 188 | 6 
0.7 X 10-8 154 23 
2.8 X 10-° 100 | 50 103 50 \ 
4.6 X 10° | 6 | ® 








(Figs. 1 to 4). In one series of experiments, the enzyme was incubated 
with the inhibitor prior to the addition of acetylcholine (A); in a second 
series, inhibitor and substrate came into contact with the enzyme simul- 
taneously (B). The optimum acetylcholine concentration was used 

(3.3 X 10-* m). 
Prostigmine—When the enzyme is incubated with various concent 
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tions of prostigmine for 70 minutes before the addition of acetylcholine, 
it is 10 to 25 minutes until equilibrium is reached, the time depending 
upon the inhibitor concentration used (Fig. 1, A). During this period, 
the inhibition is stronger. Without incubation, the period of time re- 
quired for reaching the equilibrium is about the same, but during this 
period the inhibition is less strong than in equilibrium. In one case, the 
inhibitor reacts with the enzyme before the substrate is present; in the 
other case substrate and inhibitor compete for the enzyme. It is there- 
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100 
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Fic. 1. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of prostigmine. A, enzyme incubated 70 minutes with the inhibitor 
before the addition of acetylcholine (final concentration 3.3 X 10-?m). B, inhibitor 
and acetylcholine simultaneously mixed with the enzyme. The dotted line refers 
tonon-enzymatic hydrolysis. Curve 1 is the control, Curves 2 to 6, the hydrolysis 
in the presence of prostigmine in 6.25, 12.5, 25, 50, and 100 X 10-7 m concentration 
(during incubation 5 times higher). 


fore not surprising that the initial reaction velocities in the two types of 
experiments are different. However, after equilibrium the reaction ve- 
locities are the same for the same concentration of prostigmine. This 
is consistent with previous observations that prostigmine inactivates 
ACh-esterase completely reversibly. 

The decrease of the reaction velocity at the end of the control experi- 
ment is due to the low concentration to which the acetylcholine has been 
reduced by the hydrolysis. The total amount of CO. which can be 
evolved from the acetylcholine solution used is 148 ul. 

Eserine behaves similarly to prostigmine. The period of time until 
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the equilibrium is reached depends upon the concentration of the jp- 
hibitor. In equilibrium, the inhibition is the same in the experiments 
with and without incubation (Fig. 2). As shown by other authors, the 
reaction between eserine and ACh-esterase is completely reversible. 

In cases in which the reactions were followed for a longer time (2 hour 
and more), the inhibition was slower. This may be due to inactivation 
of eserine, observed by Ellis and coworkers (13) in experiments with 
serum cholinesterase. 


150 





100 




















1?) 20 40 60 
TIME (min.)——> 


Fia. 2. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of eserine. A, enzyme incubated 60 minutes with the inhibitor before 
the addition of acetylcholine (final concentration 3.3 X 10-? m). B, inhibitor and 
acetylcholine simultaneously mixed with the enzyme. Curve 1 is the control, 
Curves 2 to 6, the hydrolysis in the presence of eserine in 6, 12, 24, 48, and 96 X 10°" 
concentration (during incubation 5 times higher). 


DF P—As pointed out, the fundamental difference between the inhibi- 
tion of ACh-esterase by DFP and that by prostigmine and eserine is the 
reversible nature of the latter inhibition. When the enzyme was incu- 
bated with DFP for 60 minutes at 1.25 < 10-* , it lost 50 per cent of its 
activity (Fig. 3). When the enzyme was mixed simultaneously with 
acetylcholine and DFP, without incubation, much higher inhibitor con- 
centrations were necessary for obtaining 50 per cent inhibition. Ata 
concentration of 10-° m DFP, no inhibition at all was observed during the 
first 40 minutes. After that period, the activity decreased slowly. With 
10-* m DFP, the inhibition started earlier but no real equilibrium was 
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reached. Only when the DFP concentration was as high as 10-* m was 
the inhibition nearly complete. 

The results suggest that the acetylcholine protects the enzyme against 
DFP. However, the acetylcholine concentration (3.3 xX 10-* m) is 30 
times a8 high as the inhibitor concentration in the first experiment 
(10° m DFP), and 3 times as high in the second experiment. On the other 
hand, in the experiment in which the inhibition of the hydrolysis was 
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150 ) g / 2 
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Fie. 3. The course of hydrolysis of acetylcholine in the presence of various con- 
entrations of DFP. A and B, as in Fig. 2, but acetylcholine concentration in 
B=1X10-*m. Curves 1 and 7 are the controls, Curves 2 to 6, the hydrolysis in the 
presence of DFP in 1.25, 2.5, 5.0, 8.75, and 10 X 10-7 m concentration, Curves 8 to 10 
in 1.5, 10, and 100 X 10-° m concentration. 


nearly complete, the concéntration of DFP was 3 times as high as that of 
wetylcholine. 

A much stronger protective action may be obtained with prostigmine. 
This compound may protect the enzyme against DFP if present in the 
same concentration (Table III‘). The enzyme was incubated with pro- 
stigmine for 20 minutes at 10° prior to the addition of DFP. The ac- 
livity of the enzyme after 150 minutes incubation with DFP may be 
restored partly or nearly completely by dilution (5000 times). Without 
prior incubation with prostigmine, 50 per cent of the enzyme was irre- 


‘These experiments were carried out in collaboration with Dr. M. A. Rothenberg. 
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versibly inactivated. With prostigmine at half the concentration of n 
DFP, the protection was half as strong. At room temperature the pro- T 
tective effect of prostigmine seems less complete. Incubation with 0 
a 
TaBLeE [II al 
Protective Effect of Prostigmine against Action of DFP on ACh-esterase 1 
The enzyme solution was incubated for 150 minutes with DFP (final concentra. ti 
tion 1.6 X 10-* m), then diluted about 5000 times, and the activity was measured, 
Prostigmine (or eserine) was added to the solution 20 minutes prior to DFP. The 
compounds were added always in 0.1 ml. to 0.1 ml. of enzyme solution; the total 
volume was in all cases 0.3 ml. The final concentration of prostigmine (or eserine) 
was the same as that of DFP (1.6 X 10-* m) except in one case, 3.2 X 10~* m (2 x) 
and in two cases 0.8 X 10-*m ($ X). bs = enzymatic hydrolysis expressed in ul. of 
CO; per 30 minutes. Experiments 1 to 3, at 10°; Experiment 4, at 23°. 
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eserine protects the enzyme much less against subsequently added DFP ti 
than does incubation with prostigmine. This finding is in agreement st 
with the observations of Koelle (14) that eserine has a protecting effect 
against the action of DFP in brain homogenates. 
TEPP inhibits the enzyme activity in a manner similar to DFP, but 
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much more strongly. On incubation for 60 minutes with 8 X 10-° m 
TEPP, the inhibition is 50 per cent (Fig. 4, A). In experiments with- 
out incubation, the acetylcholine seems to protect the enzyme against the 
action of TEPP and no equilibrium is reached between inhibitor, substrate, 
and enzyme. A weak effect is obtained with a concentration of 3.5 X 
10 m, which is 125 times higher than that producing 50 per cent inhibi- 
tion after incubation. The inhibitory effect progresses with time. 
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Fic. 4. The course of hydrolysis of acetylcholine in the presence of various con- 
centrations of TEPP. A and B, asin Fig. 2. Curve 1 is the control, Curves 2 to 11, 
the hydrolysis in the presence of TEPP in 0.7, 1.4, 2.8, 5.6, 11.2, 87.5, 175, 350, 700, 
and 1400 X 10-* m concentration. 


The enzyme was also incubated with prostigmine or eserine prior to the 
addition of TEPP and the activity then tested to subsequent dilution. 
No protective action was observed if the two types of inhibitors were 
added in the same concentration. 

Inhibition As Function of Inhibitor Concentration—The inhibition as a 
function of inhibitor concentration may be analyzed by plotting v/v’ 
against the concentration of the inhibitor, v being the reaction velocity in 
the absence of the inhibitor J, v’ in its presence. In the case of competi- 
tive inhibition and constant concentrations of enzyme and substrate, a 
straight line is thereby obtained, according to Equation 1. 
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[S] and [J] are the concentrations of substrate and inhibitor respectively: 
Ks and K;, represent the dissociation constants of the complexes between 
enzyme and substrate and enzyme and inhibitor respectively. The inter. 
cept of the straight line on the ordinate (v/v’) is 1. From the slope of 
the line (i.e., Ks/Kr({S] + Ks) and known values of [S] and Ks, K; can 
be calculated. This method has been applied by Augustinsson (15) with 
satisfactory results for the analysis of the action of choline on various | 
esterase systems and has therefore been used in the present studies. 
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Fia. 5. Inhibition of ACh-esterase by prostigmine as function of inhibitor con- 
centration. v = velocity in absence, v’ in the presence of inhibitor, expressed in 
ul. of COz evolved in 30 minutes (bx). Acetylcholine concentration, 3.3 * 107°; 
inhibitor concentration, relative inhibitor concentration (Rel.[/]), 1 = 6.25  10-™™. 
@, without incubation; O, with incubation; X, values obtained for the above 
concentration in the experiments with varying substrate concentrations (Fig. 9). 
Kr = 16 X 107’. 


Prostigmine and Eserine—Applying this method of analysis for the ac- 
tion of prostigmine and eserine on ACh-esterase results in straight lines 
(Figs. 5 and 6). The data are the same in experiments with and without 
incubation. This indicates that the two alkaloids inhibit the esterase 
activity competitively; i.e., that they react reversibly with the same 
active center of the enzyme as does acetylcholine. 

The affinity of the enzyme is 2.6 times higher for eserine than for pro 
stigmine. The dissociation constants for the enzyme inhibitor complexes 
are 16 X 10-7 and 6.1 X 10-8 respectively, calculated according t0 | of 
Equation 1. ti 
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Fic. 6. Inhibition of ACh-esterase by eserine as function of inhibitor concentra- 


tion. Description as in Fig. 5. Relative inhibitor concentration (Rel. (1}), 1 
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Fic. 7. Inhibition of ACh-esterase by DFP and TEPP respectively as a function 


of inhibitor concentration. 


tion (Rel. [Z]), 1 = 2.5 X 10-7 m DFP and 2.8 X 10-*° m TEPP respectively. 


Description as in Fig. 5. Relative inhibitor concentra- 
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DFP and TEPP—Both DFP and TEPP behave differently from the 

















' : ae V 
alkaloids. By plotting the degree of inhibition expressed by v/v’ against , 
the inhibitor concentration, straight lines are not obtained (Fig. 7), ¢ 
With increasing DFP and TEPP concentrations, the inhibition increases | 
more rapidly than is expected in a competitive inhibition. The curves 
in Fig. 7 are based on the data obtained when the enzyme had been in. : 
cubated for 1 hour with the inhibitors. 
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Fig. 8. Per cent inhibition of ACh-esterase by prostigmine, eserine, DFP, and 
TEPP, respectively, as function of the negative log of the molar concentration of the 
inhibitors (pJ). The dotted line refers to the effects obtained with prostigmine and 
eserine when measured immediately after addition of acetylcholine before equilib- 
rium is reached. 


A picture of the relative strength of the four inhibitors studied is ob- 
tained if the per cent inhibition is plotted against pJ, the negative log of 
the molar concentration of inhibitor (Fig. 8). The dotted line indicates 
the values obtained if the activity of the two alkaloids is measured during 
a period of 20 to 30 minutes after addition of acetylcholine following 
incubation. As pointed out before, during that period the equilibrium 
has not yet been reached and these values, used in the preceding study 
(10), indicate a stronger inhibition than that obtained in equilibrium. 

Inhibition As Function of Substrate Concentration—The inhibition of 
ACh-esterase at various substrate concentrations by the four inhibitors is 
shown in Figs. 9 to 12. The enzyme was incubated for 60 minutes with 
the inhibitor before determining the activity. 

In presence of prostigmine, the optimum substrate concentration is 
changed to a higher concentration in the presence of the drug (Fig. 9). 
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With increasing inhibitor concentration, this shift becomes increasingly 
stronger. The degree of inhibition for a given inhibitor concentration 
therefore varies greatly with the substrate concentration. At 3.3 X 
10 m acetylcholine, the enzyme is inhibited 10 per cent by 2 X 10-* m 
prostigmine; at 3.3 X 10-* M acetylcholine, the inhibition by the same 
concentration of prostigmine is as high as 88 per cent. 
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Fic. 9. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by ACh- 
esterase in the presence of various concentrations of prostigmine. Curve 1 is the 
control, Curves 2 to 5, the hydrolysis in the presence of prostigmine in 0.4, 1, 2, and 
10 X 10-* m concentration. 

Fic. 10. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by 
ACh-esterase in the presence of various concentrations of eserine. Curve 1 is the 
control, Curves 2 to 4, the hydrolysis in the presence of eserine in 3,6, and 18 X 10-7 m 
concentration. 


Eserine—According to the results demonstrated in Fig. 6, eserine, like 
prostigmine, inhibits acetylcholine competitively. However, the opti- 
mum substrate concentration is only slightly changed in the presence of 
low eserine concentrations. The shift becomes more pronounced at rela- 
tively high eserine concentrations. In that case, the optimum substrate 
concentration is definitely higher than in the absence of the inhibitor 
(Fig.10). This agrees with the finding that in the presence of 3.6 X10-* m 
eserine the optimum acetylcholine concentration (pS) for the erythrocyte 
esterase of horse blood is 1.5, whereas it is 2.6 in the absence of the inhibi- 
tor (15). 











a 


556 CHOLINESTERASE. VI 

DFP and TEP P—In the case of the irreversible inhibitors, the inhibj. 
tion is independent of the substrate concentration. This is illustrated 
in Figs. 11 and 12. At a concentration of 5 X 10-7 m DFP, for example 


the enzyme is inhibited to about 70 per cent at all substrate concep. 
trations. 
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Fic. 11. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by 
ACh-esterase in the presence of DFP. Enzyme incubated 60 minutes with the in- 
hibitor before addition of acetylcholine. Curve 1 is the control, Curves 2 and 3, 
the hydrolysis in the presence of 1 and 2 X 10-* m concentration of DFP (during 
incubation; during determination, the concentration was 5 times lower). 

Fic. 12. Activity-pS curves for the enzymatic hydrolysis of acetylcholine by 
ACh-esterase in the presence of TEPP. Enzyme incubated 60 minutes with the 
inhibitor before addition of acetylcholine. Curve 1 is the control, Curves 2 and 
3, the hydrolysis in the presence of 5.6 and 8.4 X 10-® m concentration of TEPP 
(during incubation; during determination, the concentration was 5 times lower). 


DISCUSSION 


Several new differences between the various inhibitors of choline ester- 
splitting enzymes have been revealed in addition to those described pre- 
viously (10). The sequence in which inhibitor and substrate come in 
contact with the enzyme affects the course of hydrolysis in the case of 
the reversible inhibition, the alkaloids prostigmine and eserine, in a way 
different from that found in the case of DFP and TEPP. Whether the 


enzyme is first incubated with alkaloids or whether substrate and inhibi- 
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inhibi. | tor are added simultaneously, the degree of inhibition is the same after 
‘strated | equilibrium has been reached. Before the attainment of an equilibrium, 
xample, a period which lasts 10 to 25 minutes, depending upon the concentration 
concen- | ysed, the inhibition is stronger than during equilibrium when the enzyme 
has been incubated with the inhibitor. Since both compounds are com- 

petitive inhibitors of the enzyme and the formation of the enzyme com- 

ro plex in both cases is completely reversible, it should be expected that the 
equilibrium is the same irrespective of incubation. The substrate con- 
| | centration is much higher than the inhibitor concentration and this may 
explain why, in the case of simultaneous addition, the inhibition is less 
strong in the beginning than later, whereas if the enzyme has formed a 
| | complex with the inhibitor before the substrate is added, the inhibition 
is stronger in the beginning. When v/v’, the ratio of the velocity of the 
hydrolysis in absence and presence of the inhibitor, is plotted against in- 
| hibitor concentration, the same straight line is obtained with or without 
\ | | incubation with both alkaloids. But the inhibitory effect of eserine is 


about 2.6 times stronger than that of prostigmine. 
In the case of irreversible inhibition, the degree of inhibition depends 
‘ \| upon the time of incubation, as was previously demonstrated for DFP 
x | | (10). Therefore, no equilibrium is attained, and if v/v’ is plotted against 
| inhibitor concentration, the line is not straight. The same is true for 
, | TEPP, which, like DFP, inactivates the enzyme irreversibly, though 
—pS | morerapidly. If acetylcholine is added before the inhibitor, much higher 








concentrations of the latter become necessary for obtaining the same 
oline by degree of inhibition as that observed after incubation. This protective 
t yan effect of acetylcholine against the action of these two compounds contain- 
ire: ing organic phosphorus suggests that these compounds act on the same 

active center of the enzyme molecule as acetylcholine. This assumption 
oline by is supported by the observation that prostigmine in the same concentra- 
with the tion as the DFP has a very strong protective action. The protective 
. te action is obtained with very low concentrations if compared with that. of 
aaa acetylcholine. This may be explained by the high affinity of prostigmine 


to the enzyme. The affinity of DFP to the enzyme cannot be evaluated 
since there is no equilibrium, but, as far as one can speak of affinity, it 
appears to be of a similar order of magnitude as that of prostigmine. 


He by Eserine in spite of its stronger inhibitory effect protects the enzyme 
f° s o markedly less against DFP. As long as the exact reaction is unknown, 
Ha a satisfactory explanation for this difference will be difficult. The lack 
case of od S ° . . rn . . 

a way of any protective action by prostigmine against TEPP if equimolecular 


shee the concentrations are used is not surprising. It may be explained by a 
sabi _ much higher affinity of TEPP to the enzyme, since it inhibits in so much 
lower concentrations. It would be interesting to test whether a protec- 
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tive action of prostigmine may be obtained in 100 to 1000 times higher | 
concentrations, but the concentration of the available enzyme prepara. | * 
tion is too low for such an experiment. pl 

Although it is possible to conclude, on the basis of the data presented, ¥ 
that both types of inhibitors may act on the same center of the enzyme 
as acetylcholine, but that in one case they form a reversible and in the s 
other an irreversible complex, the underlying chemical reactions are at | “ 
present unknown. This situation may be analogous to the inhibition of | 
the combination of hemoglobin with oxygen by carbon monoxide and 
by potassium ferricyanide. Both inhibitors combine with the iron of the . 
prosthetic group, the iron porphyrin. The carbon monoxide effect jg ' 
easily reversible, whereas the potassium ferricyanide transforms the iron ’ 
irreversibly. 

Study of the competitive inhibition of the enzyme by prostigmine and 
eserine has revealed another difference between the two alkaloids. Pro- ) 
stigmine causes a marked increase of optimum substrate concentration | 
with increasing inhibitor concentration. It has been demonstrated | 
for erythrocyte and brain esterase that choline exerts a shift of the opti- 
mum substrate concentration; the more choline is added, the higher is 
the optimum substrate concentration and the lower the activity. It is 
possible that other quaternary ammonium ions may behave similarly and 
that such compounds may inhibit competitively the formation of the 
enzyme-substrate complex. 

In the case of eserine, the shift of optimum concentration is much less 
pronounced and is marked only in high concentration of the inhibitor. 
Therefore, in low (e.g., 10-4 m) acetylcholine concentration, both alkaloids 
inhibit the enzyme at the same concentration to about the same degree; 
in high (10-' m) acetylcholine concentrations, on the other hand, prostig- 
mine does not affect the enzyme activity at all, whereas eserine has a i 
strong effect. The absence of a shift of optimum in the case of DFP and 
TEPP may be explained by a gradually lowered activity, since these 
compounds inhibit the enzyme irreversibly. 








SUMMARY 


The study of the kinetics of the inhibition of ACh-esterase by two 
types of inhibitors, reversible and irreversible, has been continued. 

TEPP was found to inactivate the enzyme irreversibly, and at 10° 
almost immediately, in contrast to DFP with which, at this temperature, 
the irreversible reaction is a relatively slow process. The study of the 
action of this inhibitor as a function of enzyme concentration has revealed 
that a considerable excess of inhibitor is necessary, which increases with 
increasing dilution. The enzymatic hydrolysis of acetylcholine in the 
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presence of prostigmine and eserine attains an equilibrium which is the 





high ; agrees 

oa same whether or not the enzyme has been incubated with the inhibitor 

) prior to the addition of acetylcholine. No such equilibrium is attained 

ented with the irreversible inhibitors, DFP and TEPP. If acetylcholine is 

nsyme added to the enzyme simultaneously with the inhibitor, a protective action 

in the is observed, suggesting that all four inhibitors act on the same active 

area center of the enzyme. TEPP is by far the strongest of all four inhibitors 

‘lon of tested. — . 

le aid When the inhibitor effects are studied at various substrate concentra- 

of the tions, prostigmine and, to a lesser degree, eserine produce a shift of the 

tect te optimum substrate concentration. No such shift is observed in the 

owes case of the two irreversible inhibitors. 

. a We want to express our thanks to Mrs. Emily Feld-Hedal and to Mrs. 
Pro- M. Augustinsson for their assistance in the experiments. 
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PHOSPHOGLUCOMUTASE 
I. PURIFICATION AND PROPERTIES* 


By VENKATARAMAN JAGANNATHAN? anv J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, January 17, 1949) 


Phosphoglucomutase, the enzyme which converts glucose-1-phosphate 
into glucose-6-phosphate, is a known constituent of various animal tis- 
sues and yeast (1, 2). The crude enzyme is activated by Mg++, Mn*, 
and Cot* (2). Najjar (8) has isolated it in crystalline form from rabbit 
muscle extract by a method consisting of heat denaturation of inert tis- 
sue proteins and ammonium sulfate fractionation of the filtrate. The 
pure preparation had an activity per unit weight 50 times greater than 
that of the crude muscle extract. The pure enzyme was reported to have 
very little activity unless it was activated by cysteine. Mg** increased 
the activity of the enzyme, while Mn++ could not be tested, since it forms 
a complex with cysteine and thereby inhibits phosphoglucomutase ac- 


tivity. The enzyme had maximum activity at pH 7.5 with 0.005 to 0.0025 
m Mg** and 0.025 m cysteine. 


EXPERIMENTAL 


Reagents—The substrate, glucose-l-phosphate, was prepared enzy- 
matically by the method of Hanes (4) and was recrystallized four times 
from 50 per cent alcohol. Albumin was found essential for complete 
activation of the enzyme system; crystalline bovine serum albumin, pro- 
vided through the courtesy of Armour and Company, was employed. 
As a reducing agent, also essential for activation of the enzyme, sodium 
sulfite was used; a solution, 0.20 m in concentration, adjusted to pH 
7.5 with dilute sulfuric acid, could be preserved at 4° in air-tight bottles 
for 2 weeks. 

Determinations—Inorganic phosphate was determined according to 
Fiske and Subbarow (5). Colorimetric measurements were carried out 
at 660 mz with a Beckman spectrophotometer. 

Glucose-1-phosphate was determined by hydrolysis with 1 Nn sulfuric 
acid at 100° for 7 minutes and estimation of the equivalent amount of 


* This work forms part of a thesis submitted by V. Jagannathan to the Department 
of Chemistry, Stanford University, in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy. 
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inorganic phosphate liberated. Glucose-6-phosphate is not hydrolyzed 
under these conditions. 

Nitrogen was estimated by the method of Johnson (6), the color being | 
read at 490 my with a Beckman spectrophotometer. Micro-Kjeldahl 
determinations were also run on pure enzyme preparations. The values 
for nitrogen reported in this paper refer only to protein nitrogen. 

Estimation of Enzyme Activity—Enzyme solutions were tested for ac- 
tivity as follows except when otherwise stated. 

The enzyme solution was diluted with a solution of 0.10 m sodium 
sulfite containing 1 per cent serum albumin at pH 7.5. To an aliquot of 
diluted enzyme, magnesium sulfate, sodium sulfite, and serum albumin 
solutions (all at pH 7.5) were added and made up with distilled water 
to 0.5 ml. to give final concentrations of sulfate, sulfite, and albumin, re- 
spectively, of 10 mm, 20 mm, and 0.4 per cent. After temperature equi- 
libration of this solution at 36°, 0.5 ml. of approximately 32 mm di- 
potassium glucose-l-phosphate of the same pH and temperature was 
added. At the end of 10 minutes, 10 ml. of 5 per cent trichloroacetic 
acid were added and the precipitated proteins were removed by filtering. 
An aliquot of the filtrate was analyzed for glucose-1-phosphate. 

The difference between the acid-labile P before and after enzyme ac- 
tion was a measure of the glucose-l-phosphate converted. The unit of 
enzyme activity was defined as the amount of the enzyme required to 
cause a decrease in acid-labile P of 40 y under the above conditions. 
Three different dilutions of the enzyme were used for each test, the con- 
version of substrate being less than 50 per cent in each case. 

An aliquot of the enzyme solution was also analyzed for nitrogen and 
its purity expressed as units of activity per mg. of nitrogen. 

Method of Purification—A well fed rabbit was anesthetized by intra- 
venous injection of pentobarbital. It was then perfused with Ringer- 
Locke solution at 37° to wash out as much blood as possible. The solu- 
tion was allowed to enter under sufficient hydrostatic pressure through | 
two hypodermic needles inserted into the ear veins of the rabbit and to | 
pass out through the femoral artery. When the animal was dead, the 
back and thigh muscles were rapidly removed and minced with an equal 
volume of ice-cold distilled water in a chilled Waring blendor. After 
being kept at 4° for an hour with occasional stirring, the minced tissue 
was pressed through cheese-cloth. The residue was similarly reextracted 
with an equal amount of water. 

The combined extracts were adjusted to pH 5.0 with acetic acid and | 
heated in a water bath with stirring so that the temperature rose to 56° 
in 6 to 7 minutes. After 10 minutes at that temperature the liquid was 
rapidly cooled and allowed to filter under suction at 4° overnight. 
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The clear filtrate was then mixed with one-ninth its volume of 1.0 m 
acetate buffer at pH 5.0 and cooled to 0°. Subsequent operations were 
carried out at —2° to 0°. Acetone was slowly added with stirring to 
give a concentration of 40 per cent by volume. After 1 to 2 hours the 
liquid was centrifuged and the clear supernatant solution treated with 
more acetone to 50 per cent concentration. The precipitate was collected 
by centrifugation after 2 hours and dissolved in 0.10 m acetate buffer 
at pH 5.0. 

The solution was reprecipitated as before with 40 per cent acetone. 
The clear supernatant liquid was then treated with 0.50 m manganous 
sulfate to give a final concentration of 0.015 m. After 5 to 6 hours the 
precipitated enzyme was centrifuged and dissolved in the minimum 
amount of 36 per cent acetone. Insoluble material was removed by cen- 


TABLE I 
Purification of Phosphoglucomutase 
: ; 








Activity 














Enzyme preparation | Volume Protein N Purity 
| | : 
| mil, | units mg. = “sl 
Fresh extract (500 gm. muscle).............. 1000 | 410,000 | 2850 | 144 
Filtrate after heating at 56°................. | 1000 | 360,000 | 275 1310 
40-50% acetone fraction..................... | 30 | 310,000 69 4500 
ist Mn** ppt........... ‘aol sag, hited iat eee ' 20 | 220,000 40 5500 
I ca oS oe ane Oa ae mee 18 , 115,000 18 6300 
ee ee ees nen te eee tees | 17 | 62,000 8.6 | 7200 





trifugation. The clear solution was then slowly added with stirring to 
38 per cent acetone containing 16 mm manganous sulfate and 0.05 m 
acetate buffer (at pH 5.0 before addition of acetone). The volume of 
the solution should be such as to give a final concentration of 40 to 60 
7 of protein nitrogen per ml. If the protein concentration was too low, 
the concentration of acetone was slowly raised to 40 to 41 per cent. The 
solution remained clear initially and a precipitate slowly formed on stand- 
ing overnight. The precipitate was centrifuged and reprecipitated twice 
exactly as before. 

The final precipitate often contained fragments of crystalline material 
along with amorphous material, but it cannot be definitely stated whether 
these crystals were the enzyme or not. Further work on this was not 
continued. 

The results of a typical experiment are given in Table I. The final 
activity of the enzyme was 7000 to 7100 units per mg. of nitrogen, repre- 
senting a purification of about 50-fold. Further fractionation failed to 
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increase the purity above this level. Fairly concordant results were ob- 
tained by this procedure except when the perfusion of the muscle was 
unsuccessful. A similar difficulty due to the presence of blood in the 
muscle was noted by Najjar using a different method of purification (3), 

An electrophoretic study was made of the enzyme obtained after the 
first precipitation with manganous sulfate. One experiment was carried 
out with the enzyme (4400 units of activity per mg. of nitrogen) in bar- 
biturate buffer at pH 7.7 (24°), ionic strength 0.10, and a temperature 
of 0.6°. The enzyme was found to be about 62 per cent pure and had a 
mobility of —1.9 X 10-° cm.? volt“ sec.—; it was negatively charged. | 
A second experiment with the enzyme (5100 units per mg. of nitrogen) | 
in acetate buffer of pH 5.6 (22°), run at 0.05 ionic strength and 0.6°, 
showed that the enzyme was about 72 per cent pure; it was positively 
charged and had a mobility of +1.2 X 10° cm? volt sec.—. It was 
unfortunately not possible to study the pure enzyme electrophoretically, 
but the above results indicate that the enzyme with an activity of 7000 
units per mg. of nitrogen should be nearly 100 per cent pure. 


Properties of Phosphoglucomutase 


Purified enzyme with an activity of 7000 units per mg. of nitrogen 
was dissolved in 0.10 m acetate buffer at pH 5.0 and dialyzed free of man- 
ganous salts against several changes of the same buffer. The dialyzed 
enzyme was used for the study of its properties. 

The enzyme exhibited several unusual properties when tested with 
various activators (Table II). The pure enzyme showed very little 
activity in the absence of serum albumin or activating metallic ions. 
When serum albumin was present and sodium sulfite omitted from the 
reaction mixture, the enzyme showed the same activity with Mg** or 
Mn++. The addition of sodium sulfite caused a marked increase in ac- 
tivity with either magnesium or manganous ions, the net increase being 
somewhat variable with the enzyme sample and the period of storage. 
But at optimum concentrations of serum albumin and sodium sulfite, 
the activity of the enzyme in the presence of Mgt* was always almost 
exactly twice the activity shown with Mn++. This effect was observed 
with enzyme preparations at all levels of purity. When both Mgt and | 
Mn++ were added, the activity of the enzyme was the same as that shown | 
with Mn* and was half that obtained with Mgt. 

In the presence of 0.02 m cysteine, serum albumin had only a slight 
activating effect, but the use of cysteine as activator was discontinued, 
since the comparative study of Mg++ and Mn++ was not possible with 
it. 

On dilution of the enzyme at room temperature with 1 per cent serum 
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albumin solution and incubation with 20 mm sodium sulfite at 36°, the ac- 
tivity of the enzyme increased slowly with time to a maximum in about 


Taste II 
Effect of Activators on Phosphoglucomutase Activity 


Serum albumin MgSO, | MnSO, CoSO« NiSO, Na2SO; Activity 

y per cent | mM | mM | mM mM mM unils per ml. 
0 5 | 5 
0.2 | 12 
0.2 | 5 | 745 
0.2 +. Ce 4 760 
0.2 0.5 638 
0.2 | | 0.5 18 
02 | 5 | | 10 2100 
0.2 | ee 10 1060 
0.2 5 | 0.5 10 1080 


Aliquots of purified enzyme solutions were mixed with activators as indicated, 
made up to 0.5 ml., and incubated at 36° for 10 minutes; 0.5 ml. of 32 mm substrate 
was added in each case. The pH of all reactants was 7.5, temperature 36°, time of 
reaction 10 minutes. The concentrations of activators in the reaction mixture are 
specified and activities are expressed as units per ml. of enzyme solution. 


Taste III 
Effect of Time of Incubation with Sulfite on Enzyme Activity 


Enzyme diluted with 


| Time of incubation Activity 

min. unils 

1.0% serum albumin solution 0.5 229 
5 245 

10 262 

| 20 268 

| 40 273 

60 287 

80 288 

1.0% serum albumin containing 1 286 
0.1m Na.SO; 5 288 
10 286 


Equal volumes of enzyme solution (diluted as stated) were made up to 0.5 ml. to 
contain 20 mm Na2SO;, 10 mm MgSOQ,, and 0.4 per cent serum albumin and were in- 
cubated for varying periods of time at 36°; 0.5 ml. of 32 mm substrate was then added 
toeach. pH 7.5, time of reaction 10 minutes. 


40 to 60 minutes (Table III). But when the enzyme was diluted at room 
temperature with 1 per cent serum albumin containing 100 mM sodium 
sulfite, maximum activity was obtained soon after temperature equili- 
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bration at 36°, and there was no further increase in activity on prolonged 





incubation. This is in contrast to the rapid decrease in activity reported V 
by Najjar (3) when the enzyme was incubated with cysteine. 

The activity of the enzyme was found to be proportional to the time of | 1 
reaction until about 60 per cent of substrate was converted. At equilib. | 
rium about 5 per cent of the initial glucose-1-phosphate was left in the | ™ 

TABLE IV 


Effect of pH on Enzyme Activity 





pH Activity 

——— * units per ml. enzyme solition 
Ye | 420 
7.5 458 
7.3 441 
7.0 
6.5 








368 

i 151 
6.0 62 Bay 

5.0 2 

The enzyme was diluted with 0.10 m Na2SO; containing 1 per cent serum albumin 

at pH 7.5; dilute H.SO, or NaOH was then added to give the desired pH. All other 
reactants were also at the same pH in each case, and other experimental conditions | 
were as specified in the text for the determination of enzyme activity. i 





TABLE V 
a _Effect of Mg** Concentration on Enzyme Activity N 
Concentration of Mg** Activity Concentration of Mg** Activity 
Mis aoa units per ml. enzyme ween te per ml. enzyme ; 
0 2 7 228 N 
1 70 10 215 
2 146 14 204 
5 260 20 147 8 
rT es 3 ae a N 
The experimental conditions were as described in the text, except for the Mg** 
concentration. P 
_ \ 
reaction mixture (cf. (3, 7)). The optimum pH for enzyme activity : 
was 7.5 (Table IV), confirming the value reported by other workers (2, 3). , 
The optimum concentration of serum albumin was 0.05 per cent when s0- ‘ 
dium sulfite was omitted from the reaction mixture and was 0.20 per 
cent in the presence of sulfite. 
The optimum concentration of Mg++ was about 5 mm (Table V), which 
is higher than the value of 0.5 to 2.5 mm reported by Najjar using cysteine 
as activator (3). 
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The optimum concentration of sodium sulfite was 10 to 20 mm (Table 
VI). 

Najjar’s procedure for activity determination was published too late 
for comparison with the above method. 

Potassium and calcium ions inhibited the enzyme. Sodium ions had 
no inhibitory effect, in contrast to the findings of Cori et al. (2). The 








Tas.e VI 
Effect of Sulfite Concentration on Enzyme Activity 
Concentration of NasSO; | Activity 
mM ‘ unils oar ml. enzyme solution = ae 

2 185 

6 234 

10 265 

20 252 

30 224 


| 
\ 





The experimental conditions were as described in the text except for the sulfite 
concentration indicated. 














TaBLe VII 
Inhibition of Enzyme Activity by Ions 
Additions } Concentsation Inhibition 
mM per cent 
Bes oars. aes aca See eee 50 0 
KCl.. 50 27 
CaCl, e's 6:0 ¢.0.6'0.6.6 0 a:0id eb als Sa b-4ca ete ee es 25 34 
ssc «a 5s c cles bts Bk tec dR: eae 1.0 25 
NayAsO,. 1.0 53 


The experimental conditions were as described in the text except for the additions 
specified. The figures in the last column refer to the percentage decrease in activity 
relative to the activity of the enzyme when no inhibitors were added. 


effect of sodium and potassium ions present in the reaction mixture due 
to the sodium sulfite and the substrate was not evaluated. Arsenate also 
inhibited the enzyme, while mercuric and cupric ions exerted a pro- 
nounced inhibition (Table VII). Cobaltous ions had an activating effect 
similar to that of manganous ions, while nickelous ions had no effect 
(Table II). 

The pure enzyme was quite stable at pH 5.0 when kept at 2-5° and lost 
only 10 per cent of its activity in 2 to 3 weeks. The enzyme was rapidly 
and irreversibly inactivated at a pH lower than 4 or greater than 9.0. 
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All preparations of the enzyme contained phosphorus. Prolonged dialy- 
sis with stirring against water or buffers at pH 5.0 to 7.0 failed to remove 
the phosphorus. On the average the enzyme contained 6 to 7 y of phos. 
phorus per 10,000 units of activity. The possible significance of this 
constituent of the enzyme is discussed in the following paper (8). 


SUMMARY 


1. Phosphoglucomutase from rabbit muscle has been purified about 
50-fold by heating and fractionation with acetone and manganous sulfate. 
2. The enzyme was found to require about 5 mm Mg?**, 0.2 per cent 


serum albumin, and 10 to 20 mm sodium sulfite at pH 7.5 for maximum . 

i ph 
activity. | 

3. With Mn+ the activity of the enzyme was found to be half of that . 
obtained with Mg**. 

4. The enzyme was activated by Co** and inhibited by K*, Cat, 
Hg*+, Cut’, and arsenate. 

5. The enzyme contains non-dialyzable phosphorus. : 

The authors wish to thank Miss Hyla Cook for carrying out the elee- . 
trophoretic measurements. They are also indebted to Armour and Com- . 
pany for contributing the bovine serum albumin used in these studies. : 
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PHOSPHOGLUCOMUTASE 
II. MECHANISM OF ACTION* 


By VENKATARAMAN JAGANNATHAN? anno J. MURRAY LUCK 
(From the Department of Chemistry, Stanford University, California) 


(Received for publication, January 17, 1949) 


Doudoroff et al. (1) found that when bacterial sucrose phosphorylase 
was added to a solution of glucose-1-phosphate and radioactive inorganic 
phosphate a rapid exchange of phosphate between the inorganic and 
ester fractions occurred. They proposed the following mechanism: 


Glucose-1-phosphate + enzyme = glucose-enzyme + phosphate 


Schlamowitz and Greenberg (2) made a similar study of the conversion 
of glucose-1-phosphate to glucose-6-phosphate by phosphoglucomutase 
in the presence of radioactive inorganic phosphate and glucose labeled 
with radioactive carbon. Since no exchange took place between the glu- 
cose esters and radioactive phosphate or glucose, they concluded that a 
mechanism similar to that proposed by Doudoroff et al. is not operative 
in this case. They postulated that the reaction takes place through the 
intermediary formation of a cyclic diester of phosphate. 

During the course of work on purification of phosphoglucomutase it 
was Observed that the enzyme invariably contained phosphorus which 
could not be removed by dialysis. If the phosphorus were part of the 
enzyme molecule, another mechanism for the action of the enzyme is 
possible which has not hitherto been considered in enzyme studies. This 
involves an exchange of reactive groups between the enzyme and sub- 
strate. Phosphoglucomutase could combine with glucose-1-phosphate 
or glucose-6-phosphate to form a double link with glucose through two 
phosphate bonds. This compound could then be split at either the 1 
or 6 position to give the enzyme and the 6 ester or 1 ester as shown in the 
accompanying diagram. 

If such a reaction were to take place, there should be an exchange be- 
tween the phosphate group of the ester and the phosphate group of the 
enzyme. The reaction between enzyme and glucose-1-phosphate labeled 
with P® should lead to a lowering in the specific activity (counts per 


*This work forms part of a thesis submitted by V. Jagannathan to the Depart- 
ment of Chemistry, Stanford University, in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. 


t Aided by a scholarship from the Government of Madras, India. 
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minute per microgram of P) of the glucose ester, while the enzyme should 
become radioactive. 
The evidence for such a mechanism is presented in this paper. 


Glucose-1-phosphate 6-glucose-1 glucose-6-phosphate 
+ = phosphate phosphate = + 
a” 
Enzyme-phosphate enzyme enzyme-phosphate 


Reagents and Measurements 


Labeled Glucose-1-phosphate—Since 1 mg. of enzyme contained less than 
1 y of P, it was necessary to prepare a substrate sample with a high count 
per microgram of P. About 8 me. of P” (as HsPO,) were added to about 
0.04 mole of phosphate, which was used for the enzymatic synthesis of 
glucose-1-phosphate according to the method of Hanes (3). The yield 
of the dipotassium salt of the ester after three recrystallizations was 0.2 
gm. It contained a negligible amount of inorganic phosphate and was 99 
to 100 per cent pure. It had an initial radioactivity of 3000 counts per 
minute per microgram of P. 

Phosphoglucomutase—A detailed description of the purification of the 
enzyme is presented in the preceding paper (4). For the present work 
enzyme of 70 per cent purity was prepared as follows: 

Rabbit muscle extract was adjusted to pH 5.0 with acetic acid, heated 
at 56° for 10 minutes, and filtered. The filtrate was made 0.1 m with 
respect to acetate buffer at pH 5.0 and fractionated with acetone at —2°. 
The fraction obtained between 40 and 50 per cent acetone was similarly 
reprecipitated twice. The enzyme thus obtained was 70 per cent pure 
as determined by electrophoretic studies, and it was not further purified 
owing to insufficient yields of the pure enzyme. It was dialyzed at 4° 
in Visking sausage casings (previously boiled with water for 2 hours to 
remove soluble materials) successively for 12 hours each against several 
changes of 0.1 m acetate buffer at pH 5.0, distilled water, and barbiturate 
buffer at pH 7.4. Both the dialysis sacs and the outside liquid were 
stirred during dialysis, and any precipitate formed was removed by cen- 
trifugation before further dialysis. The final enzyme solution contained 
an irreducible minimum of 2 y of P per mg. of protein nitrogen. Some 
of the preparations contained considerably more phosphorus, which could 
be removed by further dialysis, but this was not attempted owing to inac- 
tivation of the enzyme by vigorous stirring. 

Phosphorus Determination—Phosphorus was determined by the method 
of King (5). Digestion and color development were carried out in the 
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same tube and the final volume was 3 ml. Colorimetric measurements 
were made with a Beckman spectrophotometer at 660 my. Three phos- 
phorus standards and a blank were run with each determination. 

Radioactivity measurements were made with a Tracerlab autoscaler. 
Decay corrections were made for all experiments lasting more than 12 
hours. 


Exchange Studies 


The enzyme solution used in the following two experiments contained 
6.4 y of P per ml. Prolonged dialysis of an aliquot showed that it con- 
tained 2 y of P per ml. which was non-dialyzable, while the rest could 
be determined as inorganic phosphate in the dialysate. 

In Experiment I, 5 ml. of enzyme solution were made up to 10 ml. to 
contain 0.2 per cent serum albumin, 0.005 m magnesium sulfate, and 0.02 
u sodium sulfite, the final pH being 7.5. To this solution 0.02 ml. of la- 
beled substrate solution containing 22 y of ester P was added. 

In Experiment II, 4 ml. of enzyme solution and labeled substrate con- 
taining 54 y of ester P were used, other experimental conditions being the 
same. 

At the end of 3 hours at room temperature, one-ninth its volume of 1.0 
m acetate buffer at pH 5.0 was added to each solution, which was then 
dialyzed against a small volume (10 to 15 ml.) of buffer with stirring. 
After an hour the dialysates were collected and estimations of radio- 
activity and inorganic and total phosphorus were carried out in duplicate 
on aliquots. The enzyme solutions were dialyzed with stirring against 
several changes of acetate buffer at pH 5.0 for 3 days at 4°. 

The results are presented in Table I. The difference between the 
total P and inorganic P is a measure of the ester P (present as glucose-1- 
and glucose-6-phosphates), which contains the radioactivity. The en- 
zyme became radioactive while the specific activity of the ester P de- 
creased from an initial value of 2010 to 1350 and 1840 counts per minute 
per microgram of P respectively in Experiments I and II. This suggests 
an exchange between enzyme P and ester P and the following calculations 
show the correspondence between expected and observed values. 

The non-dialyzable enzyme P and substrate P were 10 and 22 ¥ respec- 
tively in Experiment I. If exchange occurs between the two and equilib- 
rium is reached, the total radioactivity initially present in 22 y of sub- 
strate P should then be distributed between 32 y. Hence the specific 
activity of the ester should be only 22/32 of the initial value of 2010 
counts per minute per microgram of P, which is equal to 1380. The ob- 
served specific activity is 1350. A similar calculation for Experiment II 
shows that the specific activity of ester P after reaction with enzyme 
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should be 54/62 of the initial value, or 1750 counts per minute per micro. 
gram of P. The observed value was 1840. (In these calculations, the 
effect of the dialyzable inorganic phosphate of the enzyme is ignored. 
since no exchange of this with ester P occurs as shown by Schlamowit; 
and Greenberg (2).) 

A further check was obtained from the radioactivity of the dialyzed 
enzyme. If equilibrium were established, the specific activities of enzyme 
P and ester P should be the same. This was experimentally confirmed, 

Radioactive enzyme was prepared by a similar procedure with severa| 
different enzyme preparations. When serum albumin and sulfite were 
replaced by cysteine, identical results were obtained, showing that the 


TABLE I 
Exchange of Phosphate between Phosphoglucomutase and Labeled Glucose-1-phosphate 























Fraction Determination Experiment I | Experiment II 
Glucose-1-phosphate | Specific activity, counts per min. 2,010 2,010 
pery P 
Total P added, v 22 54 
Enzyme Non-dialyzable P, y 10 8 
Dialysate Ester P, 7 9.3 16.0 
Radioactivity, counts per min. 12,600 29, 400 
Specific activity, counts per min. 1,350 1,840 
per y P 
Dialyzed enzyme after} Non-dialyzable P, 10 8 
reaction Radioactivity, counts per min. 11,800 14,000 
Specific activity, counts per min. 1,180 | 1,750 
peryP | | 


albumin did not influence the results. The labeled enzyme could be di- 
alyzed at 4° against acetate, barbiturate, phosphate, or glycerophosphate 
buffers ranging in pH from 5 to 7.5 without loss of radioactivity. In one 
experiment, dialysis for 15 days failed to remove its radioactivity. But 
when the enzyme was mixed, in the presence of magnesium sulfate and 
sulfite, with non-labeled glucose-l-phosphate in sufficient excess and 
shortly thereafter dialyzed against buffer or water, it rapidly lost its 
radioactivity while the dialysate containing the glucose esters was radio- 
active. 

These results can, however, also be interpreted on the assumption that 
the radioactive ester P was adsorbed or present in ionic combination with 
the enzyme after displacing an equivalent amount of inactive ester P orig- 
inally combined with the enzyme. If the enzyme initially contained 
glucose-l- or glucose-6-phosphate in ionic combination, there would be 
a mere ionic exchange between this ester P and the added radioactive 
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ester P. The previous experiments would not enable one to distinguish 
between such an exchange and the postulated mechanism. 

An unequivocal proof would require the study of the exchange between 
the enzyme and substrate labeled with radioactive carbon in the glucose. 
Adsorption of labeled substrate would lead to the enzyme’s becoming 
radioactive, which would not be the case if only an exchange of phosphorus 
between enzyme and substrate were to take place. It was, however, 
not possible to carry out such a study, and the following indirect evidence 
is offered in support of the theory proposed in the introductory para- 
graphs. 

An enzyme solution containing 44 y of P after prolonged dialysis was 
mixed with an equal volume of solution containing 0.04 m cysteine, 0.01 
m magnesium sulfate, and labeled substrate equivalent to 116 y of ester 
P. The pH was 7.4. After 15 minutes at room temperature it was 
adjusted to pH 5.0 with 1 m acetate buffer and cooled to 0°. The enzyme 
was precipitated with 55 per cent acetone, redissolved in acetate buffer 
at pH 5.0 and similarly reprecipitated with acetone twice. The radio- 
activity of the enzyme and the three supernatant liquids was determined. 

The initial radioactivity of 116 y of substrate P was 62,400 counts per 
minute; if it were to exchange with 44 y of enzyme P, the expected radio- 
activity of the enzyme and glucose esters would be 17,200 and 45,200 
counts per minute, respectively. The observed value for the enzyme was 
18,100 counts per minute and remained unchanged after reprecipitation. 
The supernatant liquid after the first acetone precipitation, which con- 
tained the glucose esters, had the remaining radioactivity, while the super- 
natant liquid from the subsequent precipitations contained only traces 
of radioactivity. If the enzyme were to contain the labeled esters in 
ionic combination and in equilibrium with the free glucose esters, it would 
be difficult to explain the fact that about two-thirds of the total radio- 
activity associated with the esters is removed by the first precipitation 
while subsequent precipitations fail to remove the glucose esters. 

Moreover, it was found that when the radioactive enzyme was precipi- 
tated with 10 per cent trichloroacetic acid and filtered the filtrate con- 
tained all the radioactivity. Nearly all the phosphorus present initially 
in the enzyme (42 y) could be determined in the filtrate as inorganic 
phosphate (41 y of P). If the enzyme contained adsorbed ester P, this 
could not be determined in the filtrate as inorganic phosphate, since 
glucose-1- and glucose-6-phosphates are only slightly hydrolyzed under 
the conditions of the experiment. The results can be explained on the 
basis that the phosphorus is enzyme-linked and recovered in the filtrate 


as inorganic phosphate after denaturation of the enzyme by trichloroacetic 
acid. 
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It was also observed that, though the enzyme almost completely lost jt, 
radioactivity when dialyzed after mixing with an excess of non-labeled 
glucose-1-phosphate at pH 7.5 in the presence of 0.005 M magnesium gil. 
fate, it retained about 15 to 40 per cent of the initial radioactivity if it were 


with thiosulfate before reaction with substrate and subsequent dialysis, 
This can best be explained by the suggested mechanism, which requires 
unimpaired enzymic activity for an exchange of the radioactive enzyme 
P with the non-radioactive substrate P 


DISCUSSION 


The above evidence strongly suggests, though it does not unequivocally 
prove, an exchange of phosphorus between the enzyme and its substrate, 
If confirmed, it would necessitate a revision of the current concept that 
an enzyme merely catalyzes a reaction while remaining unaffected by it. 
The present work indicates a somewhat more direct participation of the 
enzyme than has hitherto been demonstrated, namely an exchange of a 
specific atom or group with a corresponding atom or group of the sub- 
strate. The specific group of the enzyme might conceivably be bonded 
through a high energy bond, as indicated by the rapid hydrolysis of the 
phosphate of phosphoglucomutase by treatment with trichloroacetic acid 
in the cold. 

If the mechanism herein proposed is of rather general validity and is not 
restricted specifically to phosphoglucomutase, it is clear that the use of 
enzymes bearing appropriately labeled reactive groups would be of value 
in the study of enzyme kinetics, the determination of turnover numbers, 
and the determination of molecular weights. 


SUMMARY 


Phosphoglucomutase contains non-dialyzable phosphorus. When the 
enzyme acted on glucose-1-phosphate labeled with P®, the enzyme became 
radioactive, while the specific activity of the ester P decreased. The ob- 
served values for the subsequent radioactivity of enzyme and glucose esters 
correspond with those calculated on the hypothesis that an exchange 
between enzyme P and substrate P takes place. 

The radioactivity of the enzyme could not be removed by dialysis, but 
after reaction with an excess of non-labeled glucose-1-phosphate the en- 
zyme lost its radioactivity on dialysis. 

After denaturation by iodine the radioactivity of the enzyme was not 
removed by a similar treatment. 

The evidence strongly suggests an exchange between enzyme P and 
substrate P. The implications of such an exchange are discussed. 
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Addendum—After this paper was in proof there came to our attention the work of 
Sutherland, Posternak, and Cori (6) on the activation of phosphoglucomutase. In 
this work the cysteine-activated enzyme was found to be unable to convert glucose-1- 
phosphate to glucose-6-phosphate except in the presence of catalytic amounts of 
glucose-1 , 6-diphosphate. If the inactive enzyme, prepared by ammonium sulfate 
erystallization, is phosphorus-free, the active enzyme-glucose diphosphate inter- 
mediate proposed by Sutherland et al. would be identical in composition with that 
proposed by us. It would also follow that the reaction products would be glucose-6- 
phosphate and enzyme phosphate. Either the latter must be catalytically active in 
the sense of being able to combine with glucose-1-phosphate or must further dissociate 
togive inactive enzyme plus phosphate. If the latter is the case, another mechanism, 
at present unknown, must exist for the regeneration of glucose-1,6-diphosphate. 
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CARTESIAN DIVER TECHNIQUE 
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Woods Hole) 


(Received for publication, January 25, 1949) 


Micro respirometry studies, with the aid of the Cartesian diver (1, 2), 
have presented several problems in manipulation. One of these has been 
the problem of mixing two or more solutions quantitatively in the diver, 
after the start of an experiment. Methods have been described ac- 
complishing this (3, 4). These methods could be mastered only by special 
training, patience, and skill. 

A much less difficult technique is now proposed in which a new type of 
diver vessel is employed, having an upper reaction chamber, a lower ex- 
pansion chamber, and a relatively long neck. Precise control of overpres- 
sure necessary to mix the solutions in the diver is accomplished by the 
use of a sphygmomanometer bulb and valve, connected into the mani- 
fold system by a 3-way stop-cock (Fig. 1). The inner surfaces of the diver 
need to be coated with a hydrophobic surface such as Clarite, dissolved in 
toluene, only once. Thereafter there seems to be enough residual coating 
to take care of the requirements. Sudan III is mixed with the paraffin 
oil to facilitate visual observation of its position in the diver neck and 
phenolphthalein is used in the NaOH to detect any changes in pH. 


Hour-Glass Type of Diver 


A method for making Cartesian divers has been described (Claff (5)), 
in which the various steps are carried out in a jig. The preliminary steps 
in the process of making the new type diver vessel are the same as for the 
conventional diver. The “blank” is carried through all steps, including 
Steps E, F, and G (see (5), Fig. 1). The capillary tubing is now as shown 
in Fig. 2, A. At this point the flame is placed in position z on the capil- 
lary, at least 4 to 6 mm. to the right of the bubble just formed. The 
capillary is twirled to and fro and a second bubble is formed. The end 
result should be as shown in Fig. 2, B. 

To achieve this result it is necessary to start heating the capillary at 
least 4 to 6 mm. from the first bubble. The reason is easy to follow. 
The first bubble was formed from part of the glass from the solid molten 
mass of the tail. The second bubble has no such source of glass and the 
glass must come from the capillary tubing itself. If the second bubble is 
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started too close to the first bubble, it simply coalesces with it, and 
very large bubble is formed instead of two small ones. 

To complete the diver, it is necessary to cut the capillary so that the 
neck is at least 15 mm. long (Fig. 2, B), calibrate it, and add glass to the 
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Fig. 1 


Specifications of Hour-Glass Type Diver (Fig. 2, C)—The following speci- 
fications are desired for this type of diver: capillary tube, 1.22 mm. out- 
side diameter (0.048 inch); neck length, 15 mm.; bubble diameter, 3 mm.; 
volume, 30 to 34 c.mm.; and total weight, approximately 97 mg. Suggested 
fillings are 2 c.mm. of oil, Solution 1, Solution 2, or alkali. The oil seal 
should be at least 2. c.mm. The other fillings are arbitrary, but must 
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be predetermined before calibrating the diver, for which the procedure 
is'the same as for the conventional diver (5). 

‘Filling the Diver—The alkali drop, if used, is deposited by a calibrated 
pipette held in a diver filler device, as are Solution 2 and the oil seal. 
Solution 1 is placed on the side of the reaction chamber by the use of the 
“praking pipette’? described by one of us (C. L. C. (6)). The pipette 
should have a straight sided tip at least 25 mm. long, coated with Clarite, 
paraffin, or lanolin or some other hydrophobic surface. 
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Fic. 2. Cartesian diver jig and new type of diver vessel to facilitate ‘‘mixing”’ 


EXPERIMENTAL 


To test the efficacy of this method the following experiments were per- 
formed. A suspension of Arbacia eggs was placed in the reaction chamber 
(Solution 1); a suspension of Arbacia sperm was placed in the lower end 
of the neck (Solution 2). An oil seal was placed in the upper portion of the 
neck, and an alkali drop at the bottom of the expansion chamber. While 
the diver vessel was observed through the microscope, mounted on the 
bath, the pressure of the manifold was slowly increased by the use of 
the sphygmomanometer bulb; the sperm suspension was slowly forced 
into the reaction chamber, where it coalesced with the egg suspension. 
As soon as the drops coalesced, the pressure was slowly returned to its 
initial pressure, by means of the valve on the sphygmomanometer bulb. 

Subsequently, cleavage was observed, proving the eggs were fertilized. 
The accuracy of the entire system, including the calibration of the pipettes 
used, was tested by loading the reaction chamber with 2 c.mm. of 0.01 m 
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NaHC0O;, the lower portion of the neck with 2 c.mm. of 1.0 n H,S0, mi 


and the seal with 3 c.mm. of oil. rec 

After a short equilibration period, overpressure was applied until the res 
solutions were mixed, and then slowly and evenly the pressure was re. the 
turned to the original pressure by releasing the valve on the sphygmo. lat 


manometer bulb. 

The CO, evolution was recorded for 20 minutes. The average of gix 
experiments showed a recorded evolution of 97.0 per cent of the theoret. 
ical yield of CO. One experiment with 1 c.mm. of 0.01 m NaHCo, and 
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Fic. 3. CO: evolution from combination of NaHCO; and H.SO, 


2 c.mm. of 1.0 n H,SO, showed a recorded evolution of CO, equal to 97.3 
per cent of the theoretical yield (Fig. 3). 

Since the contents of the diver may be readily examined at will by the 
aid of the microscope mounted on the bath, it is possible to correlate the 
pattern of the observed behavior and morphological changes of the mate- 


rial contained in the diver with the respiratory rate recorded. 
This was shown by the following experiment with Paramecium calkinsi, 
Mating Types I and II. jug 
The diver vessel was loaded with Mating Type I in the reaction cham- 
ber and Mating Type II directly above in the lower portion of the neck. ; 


One diver was used as a control and the contents were not mixed. Af 
ter the combined respiration of Mating Types I and II was recorded for | 
50 minutes in each diver, the contents of the experimental diver wee 
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S80, mixed. A reduction of respiration rate in the experimental diver was 
. recorded for the next half hour; then a partial return to the former rate of 
| the respiration occurred. It was possible to observe the initial clumping of 
S Te. the Paramecium within 30 seconds of the mixing. This we could corre- 
gmo- late with the depressed respiration. After half an hour we observed con- 
of six 
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Fic. 4. Respiration rate changes due to mating reaction in Paramecium calkinsi 
kins, (Mating Types I and II). 


jugating pairs breaking away from the mass. This observation coincided 


= with a recorded partial return to the original rate of respiration (Fig. 4). 
"ak _ The effect of uranyl nitrate’ on a group of seven Chaos chaos was tested 
ted for | ! The senior author, C. Lloyd Claff, takes full responsibility for reporting the work 


° wee with uranyl nitrate and Chaos chaos, i.e. the two paragraphs describing the experi- 
| ment and Fig. 5. 
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as follows (Fig. 5). The Chaos chaos were washed several times and 4). A 
lowed to become acclimated in acetate buffer, pH 6.6, made up with 
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nitrate, and recovery upon addition of citrate and phosphate. 


The control diver was loaded with seven Chaos chaos, 0.1 N NaOH 2 
c.mm. of uranyl nitrate, and an oil seal. The contents of this diver were 
never mixed. Its respiration rate is shown on the control graph (Fig. 4). 
The experimental diver was loaded in the same manner, and the respif _ 
tion was recorded for 1 hour. The uranyl nitrate was then mixed witl | 
the drop containing the seven Chaos chaos. Respiration was inhibited | 
20 per cent. 
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After the 2nd hour the experimental diver was recovered from the bath, 
the oil seal removed, the neck of the diver cleaned with a spill of filter 
paper, and a charge of citrate and phosphate buffer (pH 6.4) was placed 
in the lower portion of the neck of the diver, together with a new oil seal. 
After a short equilibration period, the citrate-phosphate buffer was mixed 
with the drop containing the uranyl nitrate-treated Chaos chaos. Through 
the formation of the uranyl citrate complex, the toxic effect of the salt 
was eliminated, and a respiration recovery of 100 per cent was recorded. 


We wish to acknowledge our indebtedness to Dr. E. S. Guzman Barron 
for his interest and suggestions during the course of our experiments. 
We also wish to thank Dr. A. A. Schaeffer for furnishing the cultures of 
Chaos chaos, and Dr. Ralph Wichterman for cultures of Paramecium 
calkinst, Mating Types I and II. 


SUMMARY 


A technique is described, with a new hour-glass type of Cartesian diver 
vessel, which makes it relatively easy to mix quantitatively one or more 
solutions in the diver vessel at any time during an experiment. Some 
results and suggested uses of the method are described. 
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ACCUMULATION OF LABILE PHOSPHATE IN 
STAPHYLOCOCCUS AUREUS GROWN IN 
THE PRESENCE OF PENICILLIN* 


By JAMES T. PARK anp MARVIN J. JOHNSON 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, January 27, 1949) 


The multiplication of certain strains of Staphylococcus aureus is prevented 
by the presence of less than 0.1 y of penicillin per ml. of culture medium 
(1). It is known that such organisms increase in size after the addition 
of penicillin (2-4). We investigated this phenomenon to determine 
whether the increase in cell size represented an actual increase in cell sub- 
stance, and more particularly to determine whether various constituents 
of the cell increased at comparable rates. This study indicated that the 
acid-soluble organic phosphate content of the cells increased at an accel- 
erated rate under the influence of penicillin. It appears that much of this 
abnormal increase in soluble organic phosphate is attributable to a com- 
pound which contains acid-labile phosphate. In this paper, data are pre- 


sented which indicate that this material is a new organic labile phospho- 
rus compound. 


EXPERIMENTAL 
Methods 


Micromethods were used for all analyses. Nitrogen was measured by 
the method of Johnson (5). Reducing power was estimated by the re- 
duction of ferricyanide ions. The method, which will be published else- 
where, is similar to the method of Horvath and Knehr (6) but is 20 times 
more sensitive. The Fiske and Subbarow reagents were used for the 
determination of inorganic phosphate (7). The term labile phosphate is 
used in this paper to designate inorganic phosphate released when the 
sample, contained in 1 ml. of 1 N hydrochloric acid, is heated in a boiling 
water bath (99.4°) for 10 minutes. Stable phosphate represents total 
phosphate less inorganic phosphate and labile phosphate. The digestion 
procedure for nitrogen (5) was found satisfactory for total phosphate. 
Estimation of nucleic acid was based on the extraction procedure of Schnei- 


*Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This paper is based upon work sponsored in part by the Bio- 
logical Division, Chemical Corps, Camp Detrick, Frederick, Maryland, under con- 
tract No. W-18-064-CM-210 with the University of Wisconsin. 
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der (8). As may be seen in Fig. 1, the extraction removed the nucleic 
acids from S. aureus cells in 5 minutes, but additional phosphate wag 
released by further extraction with hot trichloroacetic acid (TCA). The 
total nucleic acid content of the extract was then estimated from its phos. 
phorus content (9.8 per cent P assumed), and from its light absorption 
(260 my), on the assumption that the extinction coefficient was identiea] 
with that for yeast nucleic acid. 

S. aureus H was used throughout. The medium used in the growth 
experiments contained (per liter) 5 gm. of Difco peptone, 5 gm. of Difeo 
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Fig. 1. Extraction of nucleic acids from S. aureus cells at 90° in 5 per cent TCA 
Micrograms of nucleic acid = E20 ms. X 39.4 or micrograms of phosphorus X 108. 


yeast extract, 1 gm. of glucose, and 0.3 gm. of dipotassium hydrogen phos- 
phate. It was adjusted to pH 7 before sterilization. Crystalline sodium 
benzylpenicillin was used in all experiments. 


Results 


The results of an experiment in which normal S. aureus cells are com- 
pared with S. aureus cells that were grown for a short period in the pres- 
ence of penicillin are recorded in Table I. It is seen that the cultures 
to which penicillin had been added did not increase in cell numbers, while 
the normal cultures approximately doubled in population. However, 
as measured by dry weight, nitrogen, phosphorus, and nucleic acid, the 
cell substance increased almost 50 per cent in the presence of penicillin. 
Cell substance of the normal cultures increased about 100 per cent in the 
same length of time. Gale (9) has noted a depression in the rate of forma- 
tion of ribose nucleic acid by S. aureus cells when grown in the presene 
of 5 units of penicillin per ml. The data from the several experiments of 
this type which we have performed do not suggest a marked depression 
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in the rate of formation of nucleic acid as compared to other components 
of the cell. The point we wish to emphasize is that most cellular com- 


TABLE I 


Increase in Cell Substance of S. aureus Grown in Presence of 0.1 Unit of Penicillin 
per Ml. 


Six replicate 500 ml. Erlenmeyer flasks, containing 100 ml. of culture, were in- 
cubated at 30° on a shaker until one-fourth maximum growth was obtained (3 to 4 
hours). Two flasks were then harvested for zero time analyses, and at the same 
time penicillin was added to two of the remaining flasks. After 65 minutes further 
incubation, the four remaining flasks were analyzed. 

The analytical results are recorded as micrograms in the cells from 1 ml. of cul- 
ture, Total cell counts were made with a Petroff-Hausser cell counter. Micrograms 
of nucleic acid per ml. = E260 my X 39.4 or micrograms of phosphorus X 10,2. 





Composition of cells 
: mc et ene a Increase over initial 














Analysis 65 min. 
0 time “_ SN, Tee | | a 
With penicillin venta With penicillin vio, 
per cent | per cent 
No. of cells X 10 88 | 8.2 17.6 . if 
9.1 10.1 17.8 
Dry weight 330 510 690 44 102 
360 510 750 | 
Nitrogen 44.8 72.8 86.2 | 63 92 
45.4 74.0 87.0 
Phosphorus 12.5 | 18.4 24.5 49 94 
12.5 18.9 24.8 
Nucleic acid (phos-| 82 115 144 | 42 77 
phorus) 82 | 116 145 
Nucleicacid(E20m,)| 88 | 193 145 | 38 64 
91 124 149 
Acid-soluble fraction 
Inorganic P 1.92 | 2.42 3.90 a7 S| s(108 
1.90 | 2.44 3.92 
labile  “ 0.16 | 0.46 | 0.33 200 100 
0.18 0.56 0.35 
Stable - 0.84 1.96 1.83 121 108 
oe | te tT oot 





ponents of S. aureus do increase in quantity at comparable rates during 
growth in the presence of 0.1 unit of penicillin per ml. 

However, during this period of growth in the presence of penicillin a 
marked change in the distribution of the acid-soluble phosphates of S. 
aureus occurs. The data in Table I illustrate this effect. The increases 
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in labile phosphate and stable phosphate are several times greater than 
one would expect from the observed increases in cell substance. Over 69 
per cent of the phosphate in the acid extract of normal S. aureus cells jg 
inorganic phosphate, 5 per cent or less is labile phosphate, and the remain. 
ing 30 to 35 per cent is stable phosphate. In S. aureus cells after growth 
in the presence of penicillin, a smaller percentage of the acid-soluble 
phosphate is found free, about 15 per cent is bound as labile phosphate, 
and 40 to 45 per cent as stable phosphate. , 

It is to be noted that this effect upon the phosphate balance of the cel] 
was observed when only 0.1 unit of penicillin was added per ml. of culture, 


TaBLeE II 


Effect of Penicillin and Glucose Concentration on Acid-Soluble Labile Phosphate 
Content of S. aureus Cells 


Labile phosphorus in cells from 1 ml. 





a. eT | ae eres a Seren P 
0 time* 35 min.* 65 min.* 
units per ml. gm. perl. 7 ” . + a 
0 1 0.24 0.31 0.43 
0.1 l 0.24 0.53 0.52 
1.0 1 0.23 0.80 0.84 
0.1 0 | 0.11 0.21 0.28 








All flasks contained 3 liters of medium and were incubated at 37° with aeration 
through carborundum dispersers. 

* Minutes after addition of penicillin. At zero time the cultures were growing 
rapidly and had reached approximately one-third maximum growth. 


From the data in Table II, it may be seen that under comparable condi- 
tions more labile phosphate is found in the cells if grown in the presence of 
1 unit of penicillin per ml. instead of only 0.1 unit of penicillin per ml. 
The effect observed is not simply the result of an inhibition of the hydroly- 
sis of the labile phosphates already present in the cells, since analysis 
immediately after the addition of penicillin did not reveal large amounts 
of labile phosphate. The data in Table II indicate that most of the labile 
phosphate is formed in the first 35 minutes after the addition of penicillin, 
and further that if glucose is omitted from the medium much less labile 
phosphate may be extracted from the cells. 

All of the experiments described in this paper have been repeated, in 
whole or in part, several times in the past 18 months with reproducible 
results. However, the absolute amount of labile phosphate obtained 
from normal cells varies from day to day. Occasionally when only 0.) 
unit of penicillin was added per ml. of culture, the phosphate balance was 
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not appreciably altered; addition of 0.5 unit of penicillin per ml. has always 
been effective in causing accumulation of labile phosphate. 

Fractionation of the acid-soluble phosphate compounds showed more 
clearly the effect of penicillin upon S. aureus cells. The cells were treated 
as indicated in Table III. It is seen that most of the labile phosphate 
which accumulated with penicillin present appeared in the fraction which 
contained the alcohol-insoluble barium salts. Further purification has 


TaBLeE III 


Fractionation of Acid-Soluble Phosphates from Normal Cells and Penicillin-Treated 
Cells of S. aureus 


The cells from 30 liters of a 3 hour-old culture of S. aureus (containing 13,000 
ym of total P) are compared with S. aureus cells from 30 liters of a culture in which 
13,000 units of penicillin were present for the final hour of a 3.5 hour incubation 
period (the penicillin-treated cells contained 13,000 um of total P). The cultures 
were incubated at 37° with aeration through carborundum dispersers. Each pre- 
cipitate was dissolved and reprecipitated before proceeding to the next step. About 
1800 um of inorganic phosphate were present in each extract. 


























| 


Normal cells Penicillin-treated cells 
Treatment =e 
Labile P Stable P Labile P Stable P 
pM uM eM pM 
Cells extracted with TCA; after TCA re- 125 865 445 1400 
moval with ether, extract neutralized, | 
concentrated to small volume, analyzed 
Excess barium ion added, adjusted to pH 40 170 | 75 =| 340 
9.2, centrifuged, ppt. analyzed | 
Ethyl alcohol added to supernatant to 50 11 144 38 | 250 
volumes %, centrifuged, ppt. analyzed | 
Ethyl alcohol added to supernatant from 40 | 280 | 297 | 6590 
above to 83 volumes %, centrifuged, ppt. | 
analyzed | | 





been obtained by reprecipitation of the barium salts, the fraction soluble 
in 60 per cent alcohol and insoluble in 80 per cent (by volume) being 
the purest, and by passage through the cation exchange resin, Amberlite 
IR-100 (Resinous Products and Chemical Company, Philadelphia). The 
best preparation contained, in 1540 gm., 1 mole of labile phosphate, 1.06 
moles of stable phosphate, and 6.1 moles of nitrogen. 

Since only about 10 um of material may be obtained from 1 liter of cul- 
ture, only a small quantity has been prepared. With the material avail- 
able, we have attempted to identify some of the components of the prep- 
aration, thus far with little success. The material absorbs strongly in 
the ultraviolet with a maximum at 262 my. The molecular extinction of 
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the preparation, based on labile phosphate content, is 10,200. A color 
test (10) for uracil and cytosine was positive on a 10 mg. sample which 
had been hydrolyzed with 25 per cent sulfuric acid for 3 hours at 175° 
Evidence obtained by the paper chromatographic method of Hotchkiss 
(11) indicates that well over half of the light absorption is caused by uracil. 
Vischer and Chargaff (12) have demonstrated that cytosine is gradually 
converted to uracil during acid hydrolysis. However, if considerable 
cytosine had been present in the material before hydrolysis, an absorp- 
tion maximum of 265 to 270 mz would have been expected. As tested 
by the method of Schmidt and Levene (13), only a small percentage of the 
total absorption at 260 mp may be attributed to purines. 
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Fig. 2. Release of inorganic phosphate from the preparation during hydrolysis 
in 1 n hydrochloric acid in a boiling water bath. 


Quantitative determination of pentose by an orcinol method (14) in- 
dicates that 0.2 mole of pentose is present per mole of labile phosphate. 
However, the amount of apparent pentose increases if the heating time is 
lengthened. Thus it is not certain whether the pentose is a contaminant 
or whether it is firmly bound and hence does not react quantitatively 
under the conditions of the orcinol test used. There is present in the prep- 
aration a potential reducing group which is completely freed in 3 minutes 
at 100° in 0.1 N hydrochloric acid. Under these conditions a small amount 
of phosphate is released. Hence it is possible to reprecipitate most of the 
material as the barium salt with alcohol, but the reducing material re- 
mains in solution. The reducing material thus obtained gives a yellow 
color (maximum absorption at 400 mu) in the carbazole test (15). The 
absorption spectrum does not correspond with that for any of the common 
hexoses or pentoses. The potential reducing power of the preparation 
per mole of labile phosphate is equivalent to about 0.7 mole of glucose a 
determined by the ferricyanide reduction method. 
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There is no direct evidence that the reducing material, the constituent 
responsible for the absorption of ultraviolet light, and the labile phosphate 
are all parts of a single compound. However, the compound or com- 
pounds which possess these properties diffuse through a Northrop-Anson 
(16) porous disk at the same rate. 

The barium salt of the organic phosphate preparation is very soluble; 
one can readily dissolve 0.4 gm. in 1 ml. of water. 

The rate of release of phosphate from the preparation in 1 N hydrochloric 
acid in a boiling water bath is shown in Fig. 2. It can be seen that the 
labile phosphate is released in about 12 minutes, but that a true measure 
of the amount of labile phosphate present is obtained by 10 minutes hy- 
drolysis, since a small amount of stable phosphate is liberated. Under 
these conditions, 9 minutes hydrolysis is necessary to obtain a true meas- 
ure of the labile phosphate content of adenosine triphosphate. Thus the 
hydrolysis of phosphate from these compounds proceeds at almost the 
same rate. 

DISCUSSION 


Since penicillin is effective in such small quantities, it seems essential 
that its action be highly specific. The fact that sensitive bacteria do 
continue to grow for some time in the presence of small amounts of peni- 
cillin offers a special opportunity to look for the specific reaction with 
which penicillin is concerned. The labile phosphate compound de- 
scribed above may be related to this hypothetical reaction and hence ac- 
cumulate rapidly when the reaction is slowed. This compound appears 
to contain the major portion of the labile phosphate in such cells and may 
also be present in appreciable quantity in normal cells. 

It is believed that the properties ascribed to this material distinguish it 
from all known organic compounds containing labile phosphate. The 
absence of certain compounds lends support to this view even though the 
preparations studied have not been pure. Thus the absence of adenine 
excludes adenosine diphosphate and triphosphopyridine nucleotide. Of 
course, most of the known compounds of this type can be excluded on 
the basis of solubility alone. Glucose-1-phosphate and similar compounds 
are not present, since acid hydrolysis liberates the reducing group long 
before appreciable phosphate is released. Thiamine pyrophosphate 
does not have the absorption spectrum which is characteristic of the 
preparation. Thus it is concluded that this material represents a new 
form of organically bound labile phosphate. 

Further investigation of the properties of this material is in progress. 


SUMMARY 


Abnormal amounts of acid-soluble labile phosphate accumulate in 
Staphylococcus aureus cells when grown in the presence of penicillin. A 
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partially purified preparation has been obtained from such cells which 
contains most of this labile phosphate. Evidence is presented which jp. 
dicates that this material is a new labile phosphorus compound. 
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ISOLATION OF SOME CRYSTALLINE YELLOW PEPTIDES 
FROM ENZYMIC DIGESTS OF DINITROPHENYL 
INSULIN AND DINITROPHENYL TRYPSINOGEN 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, February 3, 1949) 


Previous work has shown that the peptide-like growth factor strepogenin 
probably occurs in certain proteins such as insulin and trypsinogen at 
the amino end of the protein (1), and that it is liberated by suitable 
enzymic digestion. This conclusion suggested a means for attacking the 
almost insurmountable task involved in separating the one compound 
strepogenin from the mixture of numerous peptides and other cleavage 
products which result from the enzymic digestion of a protein. If the 
protein were converted to the dinitrophenyl (DNP) derivative by reaction 
of its amino groups with 2,4-dinitrofluorobenzene (2), the strepogenin of 
which the amino group is exposed should be converted into DNP strepo- 
genin, which might then be liberated during enzymic digestion. A rela- 
tively small number of yellow, DNP compounds should result from such a 
digestion, because the number of amino groups of the proteins is small. 
Furthermore, the DNP derivatives are no longer amphoteric substances, 
but are organic acids which can be extracted into organic solvents and 
thus separated from the more numerous products of protein cleavage. 
This latter property very materially increases the scope of means available 
for successful separation of mixtures. For these reasons the isolation of 
pure, crystalline yellow cleavage products of DNP insulin and DNP 
trypsinogen has been attempted. Even though the biological inactivity 
of DNP strepogenin rendered impossible the direct determination of which, 
if any, of the isolated materials might be the derivative of the growth 
factor, the value of the study to the problem of the exact chemical struc- 
ture of proteins seemed sufficient reason for proceeding. 

Since much evidence points to the conclusion that strepogenin is a 
derivative of glutamic acid (3), the presence of this amino acid in one of 
the cleavage products of DNP insulin might indicate a relationship to 
strepogenin. However, all yellow peptides isolated contained this amino 
acid, and so no deduction could be made except that glutamic acid is very 
hear the amino end of some of the peptide chains in this protein. 


* With the technical assistance of R. A. Brown, J. Cowperthwaite, A. L. Holloway, 
and N. B. Smith. 
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When DNP insulin was digested with pancreatin and the digest acidified, 
three major fractions of colored material could be separated readily. One 
was obtained by extraction with ethyl acetate (Fraction I), a second by 
subsequent extraction of the residual aqueous phase with butanol (Fraction 
II), and a third remained suspended in the watery layer as an insoluble 
precipitate (Fraction III). Since Fraction III did not occur when the 
strepogenin-containing portion of oxidized insulin (1, 4) was used in place 
of the native protein, this fraction was not separated further, even though 
it amounted to more than half of the total DNP insulin. It was not 
merely undigested DNP insulin, because repeated treatment with fresh 
portions of enzyme did not destroy it, and yielded only small amounts of 
soluble components. 

The ethyl acetate extract and the butanol extract were each separated 
into a number of components by a series of counter-current distributions 
between pairs of immiscible solvents. This method of separating pure 
compounds from mixtures of closely related substances has been developed 
by Craig et al. (5). For this purpose, no solvent system was found which 
was suitable for the separation of the free acids. Many which were tried, 
especially those containing chloroform, were found to cause extensive de- 
composition of the DNP peptides.'. However, the partition of the am- 
monium salts between butanol and dilute aqueous ammonia proved quite 
useful and, in the case of several of the components, led to the isolation of 
crystalline, and apparently homogeneous compounds. Both the ethyl 
acetate extract and the butanol extract when separated in this fashion 
showed a colored fraction which did not move with the advancing front 
of butanol, and this was called the ethyl acetate left end-piece, or the 
butanol left end-piece, since it remained in the left-hand tubes of a series 
used in the counter-current distribution. A second set of colored tubes, 
found in the exact center of a counter-current series, was obtained from 
the butanol extract (or Fraction II). This was called the butanol mid- 


1 This rather unexpected behavior can best be illustrated by the following experi- 
ment. Fraction II (the butanol-extractable fraction) was distributed counter-cur- 
rently between aqueous 5 per cent acetic acid and an organic layer made from 90 per 
cent chloroform and 10 per cent butanol. Part of the color remained completely in 
the aqueous phase and this fraction was partitioned counter-currently in a new 
solvent system of 5 per cent aqueous acetic acid and 1:1 chloroform-butanol. Most of 
the color remained completely in the organic layer. When this fraction was again dis- 
tributed in the first solvent system, it was found to be so altered that all the color re- 
mained in the chloroform phase of the first tube, whereas before solution in the 1:1 
chloroform-butanol it had remained in the aqueous phase. Indeed the color was now 
extractable into pure chloroform. This experience, together with many others of 4 
similar character, indicated that exposure to acid, chloroform, and butanol appre- 
ciably altered the yellow compounds. 
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piece. In the ethyl acetate extract (Fraction I), a mid-piece, slightly to 
the right of the middle tube in a series, was found, and it was called the 
ethyl acetate mid-piece. At the right-hand end of a series of counter-cur- 
rent tubes of a partition of either the ethyl acetate extract (Fraction I) 
or of the butanol extract (Fraction II), there were some yellow fractions, 
representing substances which could not be extracted from butanol solu- 
tion into aqueous ammonia. These were designated the ethyl acetate 
and butanol right end-pieces. In addition, there was a colored substance 
which was present in the butanol extract or Fraction II which moved only 


DNP insulin + pancreatin 
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slowly down a series of counter-current tubes containing butanol and dilute 
aqueous ammonia, and this was called the slow moving butanol left end- 
piece. A flow sheet to clarify the preparation of these major fractions is 
shown. 

Some of these fractions obtained by counter-current distribution ap- 
peared either to be pure compounds or ones which could be rendered pure 
by simple additional distributions. This was true for the butanol mid- 
piece, the ethyl acetate mid-piece, and the slow moving butanol left end- 
piece. The criteria of purity were the following: (a) Each compound 
moved as a single symmetrical peak in counter-current partition of the 
ammonium salts between butanol and dilute aqueous ammonia. For each 
substance the symmetry of the peak was demonstrated by examination of 
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tubes on the left-hand side and on the right-hand side of the one with 
maximal color. When the contents of these tubes were distributed counter. 
currently in the same solvent system, they showed a maximal color in the 
identical position to that assumed by the peak in the previous counter. 
current series. If readily separable impurities had been present, the posi- 
tion of the peak in the secondary counter-current distributions would not 
have been the same as in the primary one. (b) Evaporation of the am- 
moniacal solution of each of the isolated fractions left crystalline yellow 
solids with rather characteristic and reproducible melting points. (¢) 
Counter-current distribution of the isolated fractions in new solvent sys- 
tems failed to indicate the separation of a colored impurity. Although 
two compounds might have the same rate of migration in one pair of 
solvents, the likelihood that they would also move at the same speed in a 
second pair of solvents is more remote. (d) Because one might argue that 
the number of transfers in the distributions was not large enough to insure 
adequate separation, each isolated fraction was placed on a paper strip 
chromatogram (6) and examined in two different solvent systems. One 
of these was phenol saturated with dilute aqueous ammonia and the other 
was butanol saturated with dilute aqueous ammonia. There is evidence 
from many prior investigations that the resolving power of paper strip 
chromatograms is quite good. In the solvent systems employed the iso- 
lated fractions behaved as single substances. (e) Each isolated fraction 
was hydrolyzed and the hydrolysates were analyzed quantitatively for 
various amino acids by microbiological procedures. These tests showed 
that the molecular ratios between the amino acids in each substance were 
approximately 1:1. In the slow moving butanol left end-piece approxi- 
mately 3 moles of leucine were present for each mole of the other amino 
acids. If the isolated fractions were mixtures, one would not expect such 
stoichiometric proportions unless the components of the mixture were 
present in equimolecular amounts. The probable error in microbiological 
assays is large, but despite this, gross impurities should have been detected 
by the procedure outlined above. 

These criteria of purity may not be sufficient for substances such as 
peptides, but they are possibly as good as any thus far applied to such ma- 
terials. Taken together they indicate that the isolated substances were of 
sufficient homogeneity to warrant further study. 

A few of the fractions obtained by counter-current distribution were im- 
pure. This was true of the ethyl acetate right end-piece which formed a 
diffuse band of yellow color spread over several of the tubes at the right- 
hand end of the counter-current series. In these cases, some separation 
was achieved by differential solvent extraction and by extended counter- 
current distribution in new solvent systems, but the obtaining of homo 
geneous material from the end-pieces was not achieved. 
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The right-hand end-pieces, especially the butanol right end-piece, con- 
tained some artifacts. These fractions, it will be recalled, represented 
those substances which were completely held in butanol in preference to 
aqueous ammonia. They must, therefore, have been ammonium salts 
with a far greater affinity for butanol than for water, or else they were 
neutral compounds with no carboxyl groups. Now, since the peptides 
in the butanol right end-piece contained serine and threonine, the hy- 
droxyls of these amino acid residues in the peptide might be so situated as 
to allow lactone formation with the carboxyl groups. In this way neutral 
compounds could result. Evidence for this hypothesis was found in that 
the dry substances in the butanol right end-piece would not dissolve in 
0.1 NaOH. However, when heated in this solvent for a time, solution 
occurred. When the resulting solution was acidified, the free acid 
was formed, and this, when distributed counter-currently between butanol 
and dilute aqueous ammonia, showed clearly two colored compounds. 
One of these moved in counter-current series as did the butanol mid-piece, 
and the other as did the butanol right end-piece. The amino acid composi- 
tion of the fractions was identical, as determined by the paper strip method 
of Consden, Gordon, and Martin (6), and was not altered from that of 
the original butanol right end-piece. During the acidification following 
the opening of the lactone ring by gently heating with alkali, some of the 
free acid formed reverted to the lactone, which once again appeared as a 
neutral compound at the right-hand end of a counter-current series. 
Furthermore, if the butanol mid-piece, isolated in the normal course of 
fractionation of the DNP insulin digest, was dissolved in water, acidified, 
and extracted with butanol, a counter-current partition of the extract so 
obtained showed not only a mid-piece as expected, but also a right end- 
piece, which probably arose by lactonization while the substance was in 
acid solution. The qualitative amino acid composition was unchanged 
during these operations. In view of these facts it would seem probable 
that at least some of the butanol right end-piece was an artifact which 
arose from the butanol mid-piece by lactonization while the latter was 
exposed to acid. This instability of the free acids, as well as other less 
clearly defined decompositions and rearrangements of the fractions under 
investigation, made it imperative to employ the mildest conditions possible 
for their preparation. 

The amino acids obtained by hydrolysis of each pure DNP peptide were 
determined qualitatively by paper strip chromatography, and the existence 
of most of the amino acids so indicated in the hydrolysates was confirmed 
microbiologically (7). The ethyl acetate left end-piece, after suitable: 
purification, contained a substance which, when hydrolyzed, yielded only 
glutamic acid and the chromophoric group. The ethyl acetate mid-piece 
gave rise to the chromophoric group, glutamic acid, serine, threonine, 


ee 
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alanine, valine, leucine, and isoleucine. The butanol mid-piece yielded | th 
these same constituents and, in addition, aspartic acid. The slow moving we 
butanol left end-piece gave the same amino acids (except alanine) as the he 
butanol mid-piece, and the butanol left end-piece showed all except thre- di 
onine, of the constituents of the butanol mid-piece plus cystine. The al 
existence of serine and alanine in these substances was demonstrated solely D 
by paper strip chromatography. While the serine could be detected with " 
considerable certainty, alanine was not always easy to differentiate from " 
the threonine, and for this reason there was some doubt of its existence in 8 
the compounds.2- The demonstration of the coexistence of leucine and * 
isoleucine depended entirely on microbiological assay, since these two 8) 
amino acids were not separable by chromatography on paper strips. yl 
Because the detection of the amino acids depended on the paper strip fr 
method, some of them may have escaped notice and thus the entire quali- a 
tative composition of the yellow peptides was not regarded as established y 
with certainty. ta 
The chromophorie group in each of the fractions was tentatively con- 
cluded to be a DNP-glycine residue, but the evidence for this was unsatis- P 
factory. It consisted of the isolation of DNP-glycine from acid hydroly- 4 
sates, but the difficulty was that the yield was very low, and most of the t 
colored hydrolysis product was obtained as an unidentified mixture which $ 
could be separated in a series of counter-current distributions between h 
butanol and dilute aqueous ammonia as a left end-piece, which did not “ 
migrate with the butanol, and a right end-piece, which did not remain at * 
all in the aqueous phase. This latter component was a neutral material. " 
The failure to isolate good yields of DNP-glycine was not due to inade- dl 
quacies of the methods, because the counter-current distribution procedure d 
was found to be an elegant way to separate DNP-glycine and DNP- " 
phenylalanine, both of which Sanger has shown to occur in acid hydroly- ; 


sates of DNP insulin (2). However, in contrast to Sanger’s findings with 
a chromatographic method of separating DNP amino acids from hydroly- P 
sates of DNP insulin, the counter-current procedure when applied to such 
hydrolysates showed a third colored substance, corresponding in position 


to the right end-piece yielded by hydrolysates of the peptides isolated in i. 
this work. When pure DNP-glycine was subjected to the action of hot | : 
20 per cent HCl, such as is used in the hydrolysis of the peptides, a minor | 
portion of it was converted into a colored substance which stayed at the : 
right-hand end of a counter-current series, but the extent of this decomposi- 1 
tion was small compared to that found with the DNP peptides isolated in 1 

? For this reason the composition of two of these peptides which were described in 0 
preliminary note (11) was slightly in error. The use of ammonia in the paper strip t! 
apparatus permitted a better means of distinguishing between threonine and alanine . 


than did neutral aqueous phases. 
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this work. Studies with some synthetic peptides containing DN P-glycine 
residues revealed one which yielded no DNP-glycine when hydrolyzed with 
hot 20 per cent HCl, but which gave instead two colored components as 
did the compounds from insulin. Thus, bis-DNP-diglycyl-a-aminoalanine, 
although containing a high amount of DNP-glycine residues, gave no 
DNP-glycine when boiled with strong HCl. This synthetic substance was 
converted completely into degradation products similar to those from the 
isolated peptides. ‘This fact tended to show that DNP-glycine can exist 
in a peptide in such a linkage as to preclude its liberation by the ordinary 
acid hydrolysis; but it does not imply that a structure identical with the 
synthetic model compound existed in the peptides from insulin. The small 
yield of DNP-glycine which was isolated from hydrolysates of the insulin 
fractions may be taken as evidence that the chromophore in these sub- 
stances was DN P-glycine; or it may be taken as indication that the peptides 
were contaminated with small amounts of impurities which gave rise to 
to DNP-glycine. 

Insulin may be cleaved, as Sanger has shown (4), by oxidation with 
performic acid in formic acid solution, and when this is done, two major 
fractions are obtained. One fragment is soluble in water at pH 6, and 
the other is not. The cleavage appears to depend on rupture of the mole- 
cule by oxidation of —S—S— bridges of cystine residues rather than to 
hydrolysis of peptide bonds. Sanger has reported that the fraction soluble 
at pH 6 owes its free amino groups to glycine, and that the basic amino 
acids seem to be absent from it. Since Woolley (1) has shown that the 
strepogenin activity of insulin resided in this fraction of the oxidized protein, 
the DNP derivative of it was prepared, digested with pancreatin, and the 
digest was fractionated by the methods described for DNP insulin. Two 
major differences were noted in the yellow peptides from oxidized insulin 
fraction and those from DNP insulin: (1) practically no Fraction ITI 
(the yellow residue not extractable by ethyl acetate or by butanol) ap- 
peared, and (2) the butanol left end-piece gave a compound containing 
cysteic acid instead of cystine. 

Pancreatin digests of DNP trypsinogen were fractionated by the same 
methods as were used for DNP insulin, and two yellow peptides indis- 
tinguishable from those from DNP insulin were isolated. These were the 
butanol mid-piece and the ethyl acetate mid-piece. ‘The probable identity 
of the fragments from insulin with those from trypsinogen was indicated 
by the following evidence: (1) The melting points were the same. (2) 
The positions in series of counter-current distributions were the same. 
This was true not only in butanol and dilute aqueous ammonia but also in 
other solvent systems. (3) The compounds from DNP insulin moved at 
the same rate as those from DNP trypsinogen on paper strip chromato- 
grams when tested side by side on the same paper. (4) The qualitative 
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amino acid composition as revealed by paper strip chromatography of 
hydrolysates was identical for the corresponding fractions of the two 
proteins. Thus it would seem that two moderately large pieces of both 
proteins were identical. Whether the same fragments could be found iy 
other proteins not originating in the pancreas is a question of importance 
to investigate. 

A third yellow peptide was isolated from digests of DNP trypsinogen, 
This one yielded DNP-methionine, serine, and isoleucine when it was 
hydrolyzed with acid. No evidence was found of a similar substance ip 
digests of DNP insulin. 

Because the yellow peptides isolated from DNP insulin seemed to form 
a regular series of increasing amino acid complexity, the hypothesis might 
arise that they were all derived by graded hydrolysis from a single portion 
of the protein molecule. The order of occurrence of the amino acid resi- 
dues, counting from the free amino group of the protein, might thus be 
deduced, at least in part. This hypothesis has been examined in the fol- 
lowing ways and found not to fit the observed facts. The more complex 
peptides were digested further with fresh quantities of pancreatin, and the 
digests were examined for the presence of the less complex substances which 
one would expect to arise by stepwise degradation of the larger molecules. 
The slow moving butanol left end-piece was found not to give smaller 
yellow fragments when digested further. The butanol mid-piece, on the 
other hand, did yield small amounts of what appeared to be the ethy! 
acetate left end-piece and the ethyl acetate mid-piece; therefore, the exist- 
ence of two differing large peptides was indicated among the compounds 
isolated. 

A second line of evidence pointed to the same conclusion. Partial 
hydrolysis with cold, concentrated HCl gave a yellow cleavage product 
from the slow moving left end-piece and analysis showed that this fragment 
contained the chromophore, leucine, isoleucine, and glutamic acid. Similar 
treatment of the other large peptides (e.g. the butanol mid-piece) gave a 
new fragment containing only the chromophore and glutamic acid. Thus, 
again, the existence of two large peptides was indicated with differing 
arrangements of amino acid residues. 

It would seem that at least two distinct peptide chains in insulin gave 
rise to the products isolated in this study. Much concerning the order of 
amino acids in this protein may be learned by further investigation of these 
materials. 


EXPERIMENTAL 


Pancreatin Digestion of DNP Insulin and Preliminary Separation of 
DNP Cleavage Products with Solvents—A typical run will be described in 
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this and subsequent sections to illustrate the procedures employed. 1.1 

_ of DNP insulin prepared according to Sanger’s directions (2) from 
recrystallized insulin* were suspended in 600 cc. of water containing 2.5 gm. 
of KzHPOx, and the suspension was heated. When it was almost boiling, 
the protein suddenly dissolved. The cooled solution was treated with 
100 mg. of pancreatin, covered with a thin layer of toluene, and held at 
37° overnight. Enough HCl was added to reduce the pH to 3, and the 
resulting suspension was extracted five times® with 500 cc. portions of 
ethyl acetate. The extracts were evaporated under reduced pressure to 
dryness at a temperature below 40°. This was Fraction I. The aqueous 
suspension remaining after the ethyl acetate extraction was extracted four 
times with 400 cc. portions of butanol, and the extracts were mixed with 
1 liter of water and 10 cc. of concentrated ammonium hydroxide and con- 
eentrated under reduced pressure to dryness. Care was taken that the 
water was the last solvent to evaporate, because anhydrous butanol was 
deleterious. This was Fraction II. The residual aqueous suspension 
after the butanol extraction was filtered, and the precipitate was washed 
well with water and dried to yield 700 mg. This was Fraction III. The 
aqueous filtrate was colorless. 

Isolations of Pure DNP Peptides by Counter-Current Distribution of Frac- 
tions I and I[[—For these separations, the general method of Craig et al. 
(5) was followed. The labor-saving machine developed by Craig was 
not used because it was necessary to centrifuge each tube after each transfer 
in order to cause the solvents to clear. The distributions were performed 
in centrifuge tubes, and the top layer was moved from tube to tube down 
the series with a fine tipped pipette. 

Fraction I (the ethyl acetate extract) was dissolved in 15 cc. of water 
containing 5 per cent of its volume of concentrated ammonium hydroxide, 
and the solution was evaporated under reduced pressure to dryness and 
counter-currently distributed between butanol and dilute aqueous am- 
monia (95 cc. of water plus 5 cc. of concentrated ammonium hydroxide) 
through a total of twenty tubes. 15 cc. of each solvent were used in each 
tube. The color in each tube was judged visually, and maxima, or peaks, 
were found in Tubes 1 (left end-piece), 12, 13, and 14, and a broad one in 
Tubes 16, 17, 18, 19, and 20. 


* Crystalline insulin used in this work was very kindly supplied by Eli Lilly and 
Company, by Hoffmann-La Roche, Inc., and by E. R. Squibb and Sons. Most of 
the experiments were performed with a Lilly sample, derived from beef, which had 
been recrystallized several times. 

‘Because the DNP insulin would only dissolve in rather hot alkaline solution, 
some change in the protein caused by these conditions seems probable. 

‘The extraction was continued until the final extract was colorless. The ethyl 
acetate mid-piece was not readily extractable into ethyl acetate. 
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Ethyl Acetate Left End-Piece—The contents of Tube 1 were concentrated | _ filt 


under reduced pressure to dryness, dissolved in 15 ec. of water, and the to 
solution was adjusted to pH 3 with HCl and extracted twice with ethy| iD 
acetate. The extracted material was dried under reduced pressure, then dre 


triturated with 10 cc. of ethyl acetate, and the insoluble matter was dis. sp 
carded. The soluble portion when evaporated left 6 mg. of a rather hy. 3 
groscopic, crystalline residue. This was the ethyl acetate left end-piece, wi 

Ethyl Acetate Mid-Piece—To purify the ethyl acetate mid-piece, the 
contents of Tubes 10 to 14, containing the middle peak in the counter. tal 
current series, were combined, concentrated under reduced pressure to be 


dryness, and the residue was counter-currently distributed between ethy! tul 
acetate and a buffer made from 1 volume of 0.1 mM NazHPO, and 2 volumes 2, 
of 0.1 m NaH2PO,. 15 cc. of each solvent were used in each tube and the co) 
fraction was distributed through ten tubes. A small amount of impurity, of 
identified as 2,4-dinitrophenol,® m. p. 116°, was thus removed as a peak in tw 
Tubes 4, 5, and 6, and the pure ethy! acetate mid-piece was recovered from bu 
Tubes 1, 2, and 3 (peak in Tube 2) by acidification to pH 3, extraction with m 
ethyl acetate, and counter-current distribution between butanol and se] 
dilute aqueous ammonia. This last was done in order to obtain the am- lat 
monium salt, because of the hygroscopic and unstable nature of the free 80 
acid. By evaporation of the contents of the tubes showing color in this We 
distribution, a crystalline preparation weighing 10 mg. was secured. These Sa 
crystals lost birefringence and appeared to melt at 163°.7 After this change gr 
a solid residue was left which did not liquefy below 230°. al 
In an attempt to purify the substance further, it was distributed counter- 
currently between butanol and 5 per cent aqueous ammonium hydroxide eL 


through twelve tubes with 30 cc. of the aqueous phase and 10 ce. of the a 
butanol in each tube. A symmetrical peak of color appeared in Tube 7. D 
In order to test the symmetry of this peak the contents of Tube 5 were di 


distributed counter-currently in the same solvent system. A single peak W 
of color occupying the same position in the series as that in the primary b 
distribution was observed. Similarly, when the contents of Tube 9of | 4 
the primary distribution were distributed counter-currently, a single peak m 
of color in the same position as that of the primary series was found. DI 

0.02 cc. of a 0.1 per cent solution of the colored substance in 3 percent | 1 
aqueous ammonium hydroxide was placed on a strip of Whatman No. | m 

* If the acidified pancreatin digest was extracted with ether before ethyl acetate F 
was used, the dinitrophenol was effectively removed. When this modification was  } 
used, the definition of the position of the mid-piece in the distribution was much | d 
clearer and the use of the phosphate-ethyl acetate counter-current distribution step I 
was unnecessary. ‘ 

7 All melting points reported in this paper were determined on a hot stage micro- ir 


scope. 
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filter paper and the strip was treated as a paper chromatogram according 
to the general procedure described by Consden e/ al. (6). When the solvent 
in the boat was phenol saturated with 3 per cent aqueous ammonium hy- 
droxide, the yellow color of the compound was observed to move as a single 
spot with an ly of 0.68. When the solvent was butanol saturated with 
3 per cent aqueous ammonium hydroxide, the color moved as a single spot 
with an Ry of 0.63. 

Separation of Fraction II; Butanol Left End-Piece—Fraction I, the bu- 
tanol extract of the digest, was separated by counter-current distribution 
between butanol and dilute aqueous ammonia through a series of fourteen 
tubes with 15 ec. of each phase in each tube. Maximal color was in Tube 
2,in Tube 7, and in Tubes 13 and 14. In order to separate further the 
components at the left-hand end, the contents of Tubes 1 to 4 were freed 
of solvents under reduced pressure and distributed counter-currently be- 
tween butanol and dilute ammonia through twelve tubes, with 30 cc. of 
butanol and 10 cc. of aqueous phase in each tube. In this way the slow 
moving butanol left end-piece was concentrated in Tubes 3 and 4 and was 
separated from the butanol left end-piece which remained in Tube 1. This 
latter was precipitated as the free acid by evaporation of the solvents, 
solution in water, and addition of HCl. The only evidence for its purity 
was that preparations made from successive batches of digest showed the 
same decomposition point of 220°, and that on a paper strip chromato- 
gram with butanol-ammonia the color did not move, while with phenol- 
ammonia a single spot of Rr 0.58 appeared. 

Slow Moving Butanol Left End-Piece—The slow moving butanol left 
end-piece was obtained as 30 mg. of rod-shaped crystals, melting at 220° 
after darkening from 196°, by evaporation of the solvents under reduced 
pressure. Attempts were made to purify it further by counter-current 
distribution between butanol and phosphate buffer, but no heterogeneity 
was found. Similarly, it was purified by counter-current distribution 
between butanol and 5 per cent aqueous solution of butylamine. In this 
system, the butylamine salt of the peptide migrated faster than the am- 
monium salt had done in the runs above. With equal volumes of the two 
phases, a homogeneous peak was found in Tube 3 of a series of ten tubes. 
The butylamine salt was oily when dried. The homogeneity of the colored 
material in the counter-current distribution series with butanol and aqueous 
ammonium hydroxide was established in the same way as was described for 
the ethyl acetate mid-piece. When the compound was tested on paper 
chromatograms, it showed a single spot of yellow color with an Ry of 0.12 
in butanol-ammonia and a single spot of Ry 1.0 in phenol-ammonia. 

Butanol Mid-Piece—The butanol mid-piece was freed of a trace of 
impurity by counter-current distribution between butanol and 0.1 m 
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sodium phosphate buffer made from 4 volumes of Na;HPO, and 1 volume | 


of NaH,POQ, in a series of eight tubes. The impurity was found in Tubes 
3 to 5, but it was so small in amount (2 mg.) that its presence did not 
materially affect the melting point of the main fraction. This latter was 
recovered from Tubes 7 and 8 by acidification to pH 4, extraction with 
butanol, and counter-current distribution between butanol and dilute 
ammonia. This latter step was necessary because in the acidification some 
of the substance was changed to that occurring in the butanol right end. 
piece (lactone of the mid-piece?). The mid-piece, obtained by evaporation 
of the ammoniacal solution, was a crystalline substance (26 mg.). When 
heated, it changed rather sharply at 135°, but when heating was continued, 
a second change occurred at 160° and the compound finally melted at 
205-210°. 

The symmetry of the peak of color occurring in the counter-current 
distribution series with butanol and dilute aqueous ammonia was demon- 
strated in a manner similar to that described for the ethyl acetate mid-piece. 
When the compound was tested on paper strip chromatograms, it was 
found to move as a single spot with an R, of 0.50 in butanol-ammonia and 
with an R, of 0.86 in phenol-ammonia. The presence of the impurity 
which was removed by the distribution in butanol and phosphate buffer 
could be demonstrated readily in crude preparations on a paper strip 
chromatogram with phenol-ammonia, for this impurity had an R, of 0.68 
in this solvent. On a butanol-ammonia chromatogram the impurity could 
not be distinguished from the butanol mid-piece. 

Isolation of DNP Peptides from pH 6 Soluble Portion of Oxidized Insulin 
—Since details of the procedure used by Sanger (4) for the oxidation of 
insulin and the separation of the fragments are not yet available, the 
method used in this work will be described. 500 mg. of crystalline insv- 
lin® were dissolved in 30 cc. of commercial formic acid, and 3 cc. of a 30 
per cent solution of hydrogen peroxide were added. After 15 minutes, 
the formic acid was removed as completely as possible in a good vacuum 
at 40°, the glassy residue was rubbed with 35 cc. of 0.2 N H2SO,, and the 
suspension was freed of HO, by alternate additions of small portions of 
KI and of Na,S,.0;. The mixture was adjusted to pH 6, and after 2 days 
in the cold it was filtered and the precipitate was washed with 2 cc. portions 
of water. The filtrate was concentrated under reduced pressure to about 
30 cc. and 600 mg. of NaHCO; were added. Reaction with 2 ,4-dinitro- 
fluorobenzene (0.75 cc.) was conducted according to the general procedure 
of Sanger. After extraction of the excess reagent with ethyl acetate at 
pH 6, the DNP derivative was precipitated with HCl, washed, and dried. 


* Squibb insulin was used. 
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Pancreatin digestion of the product and separation of the yellow peptides 
were carried out as in the case of DNP insulin. Only 10 mg. of Fraction III 
(not extracted by ethyl acetate or by butanol) were found. In the counter- 
current distributions, the ethyl acetate mid-piece, the butanol mid-piece, 
and the slow moving butanol left end-piece were obtained from the peaks 
which occurred in the same positions in the series as were found in the case 
of DNP insulin. The melting points of these compounds were the same 
as those reported above. Impure colored fractions occurred at both left 
and right ends in the distribution of both Fractions I and IT. 

Isolation of Ethyl Acetate Mid-Piece and Butanol Mid-Piece from Digests 
of DNP Trypsinogen—Crystalline trypsinogen® was converted to the DNP 
protein by the same procedure as that used with insulin (2). DNP 
trypsinogen, in contrast to DNP insulin, would not dissolve in cold or hot 
solutions of K2HPO,, and in order to bring it into solution, heating to boiling 
in 0.1 n NaOH for a minute was required. The degradation of the protein 
by this drastic procedure may have been extensive. As soon as solution 
was effected, the pH was lowered to 8. 1 gm. of DNP trypsinogen was 
thus dissolved in 400 cc. of water and digested with 100 mg. of pancreatin 
at 37° overnight. The solution was buffered with 500 mg. of K,HPO, 
during this operation. The digest was then acidified to pH 3 and treated 
in the same manner as that described for DNP insulin. Fraction I (the 
ethyl acetate extract) yielded an ethyl acetate mid-piece, the position of 
which in the counter-current distribution series was identical to that for 
the ethyl acetate mid-piece of insulin. This fraction behaved the same 
as that from DNP insulin in the counter-current distribution with ethyl 
acetate and phosphate buffer. The symmetry of the peak of color, found 
in a counter-current distribution of the purified fraction through fourteen 
tubes of butanol and dilute aqueous ammonia, was established in the same 
way as that described for the ethyl acetate mid-piece of DNP insulin. 
The purified compound from DNP trypsinogen showed the same Ry values 
as did the corresponding fraction from DNP insulin when tested on paper 
strips with butanol-ammonia and with phenol-ammonia. When the frac- 
tion from DNP trypsinogen was tested on the same paper strip with that 
from DNP insulin, the two substances were found to move at the same 
rate. The melting point of the compound isolated from DNP trypsinogen 
was the same as that described for the ethyl acetate mid-piece from DNP 
insulin. The yield of purified material was 10.6 mg. 

Fraction II (the butanol extract of the digest) was treated in the manner 
described for the corresponding fraction from DNP insulin. A peak of 
color appeared in the same position in the counter-current distribution 
as that occupied by the butanol mid-piece from DNP insulin. This colored 


* Crystalline trypsinogen very kindly supplied by Dr. M. Kunitz of this Institute. 
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fraction was purified by counter-current distribution between butanol | yj 
and phosphate buffer and it was found to behave exactly as did the butano] 
mid-piece from DNP insulin. The purified substance from the butanol. 
phosphate distribution was distributed counter-currently between butanol 
and dilute aqueous ammonia through twenty tubes, and it appeared as q 
single colored peak with a maximum in Tube 10. The symmetry of this 
peak was demonstrated by secondary counter-current distributions, as | 
have been described above. The purified substance was tested on paper 
strip chromatograms and was found to have the same RF, values in butanol. | 
ammonia and in phenol-ammonia as those described for the butanol mid- 
piece from DNP insulin. These determinations were carried out simultane. 
ously with those for the substance from insulin. The melting point of = — 
the compound from DNP trypsinogen was the same as that described for 

the butanol mid-piece from DNP insulin. The yield was 5.5 mg. 

Isolation of New DNP Peptide from DNP Trypsinogen—When Fraction | 
I (ethyl acetate extract) of the DNP trypsinogen digest was distributed 
counter-currently between butanol and dilute aqueous ammonia, a new 
colored substance appeared which had not been found in the digest of 
DNP insulin. This substance showed a peak of color with a maximum in 
Tube 3 of a series of fourteen. Tubes 2, 3, and 4 were combined, the 
solvent was removed under reduced pressure, and the residue was purified 
by counter-current distribution through twelve tubes, each containing 7.5 
cc. of butanol and 2.5 cc. of 5 per cent aqueous ammonium hydroxide. 
A symmetrical peak with a maximum in Tube 6 was found. The sym- 
metry of this peak was demonstrated by secondary counter-current dis- 
tributions such as those described above. The colored substance moved 
as a single spot on paper strip chromatograms. The Fy of this spot was 8. 
0.20 with butanol-ammonia and 0.68 with phenol-ammonia. When the 9. 
solutions were evaporated, the substance tended to remain oily and crystal- | 1. 
lized only after prolonged storage. The yield was 4.1 mg. 

Amino Acid Composition of DN P Peptides—To determine the qualitative | gig 
amino acid composition of a fraction, about 1 mg. was refluxed with 15 ce. |= 
of 20 per cent HCl for 24 hours, and the hydrolysate was evaporated to | dis 
dryness under reduced pressure repeatedly, neutralized, and made to lee. | 
0.02 cc. was analyzed on strips of Whatman No. 1 filter paper according | 
to the directions of Consden, Gordon, and Martin (6). Phenol was the 
most satisfactory solvent tested, and it was used routinely. Occasionally 
butanol, or a mixture of butanol and benzyl alcohol, or collidine, was also 
used. All fractions were examined with phenol saturated with water and 
with phenol saturated with 3 per cent aqueous ammonium hydroxide. 
As recommended by the originators of the method, a known mixture of 
amino acids approximating the composition of the unknown was always 
run beside the unknown on the same strip of paper. ba 
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In the case of fractions judged to be homogeneous (such as the mid- 
pieces) the results of the paper strip analysis were confirmed by micro- 
biological assays. The qualitative composition of these substances is 
shown in Table I. The quantitative results of microbiological assay are 
shown in Table II. The values in Table II serve only to indicate the 
molecular proportions of amino acids in the hydrolysates and do not repre- 
sent percentages of these constituents in the peptides. In most cases the 


TABLE I 


Qualitative Amino Acid Composition of Purified DNP Peptides as Judged by Paper 
Strip Chromatography and by Microbiological Assay 









































ry 3 
Eid} fal | lal [3 
Description of fraction | A § | 3 i gig x isle 
pele le ela i el ei4l al 
aC eee 
ae. From DNP insulin = 
1. Ethyl acetate left end-piece..... | +i} + | | | | | 
9 « “«  mid-piece......... de at al al ee 
3. Butanol mid-piece.............. +/+ |+ +/+)/+]}+}4]4+ 
4, Slow moving butanol left end- | | | 
Rides. i cad av awbcak wes +o) Sis + | eh eh tke 
5. Butanol left end-piece.......... +|+)]+ ;+ i+} +i) +]+i}+ 
6. HCI cleavage product of (4)..... +/+ +] +] | 
ple Se Cees 
From DNP trypsinogen 
"a see eee ee eee l _ , —— ——<—}.§ ——_ 
8. Ethyl acetate mid-piece......... | oo | +i+i+ [+ | + | + | + | f | 
9, Butanol mid-piece.............. +i titel +i til | + | iets ors | 4. 
10. Ethyl acetate slow piece*....... | +> | + | | of | | | 











*Traces of the other amino acids contained in Peptide 3 could be detected if a 
high concentration of hydrolysate was tested. 

t Not the same as Peptide 1 because it moved at a faster rate in counter-current 
distribution (cf. the text). 


amino acids were in equimolecular proportions. However, in the slow 
moving butanol left end-piece, the ratio of leucine to the other components 
was about 3:1. Valine, in this peptide, was too high for a 1:1 ratio. 
Aspartic acid, isoleucine, and threonine were determined with the aid of 
Leuconostoc mesenteroides and glutamic acid, leucine, and valine with 
Lactobacillus arabinosus. Threonine was also determined with Strepto- 
coccus faecalis. The same basic amino acid composition in the medium 
(8, 9) was used in all instances, and the particular acid to be determined 
was Omitted for the assay. A micro modification of the usual procedures 
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was employed in which a total volume of 1 cc. of medium was used per | 
tube. Pos 

Nature of Chromophoric Group. (a) Counter-Current Distribution of Syn. 
thetic DNP Compounds—2 mg. samples of various synthetic DNP com. 
pounds were distributed counter-currently between butanol and dilute 
aqueous ammonia through a series of eight tubes. 5 cc. of each solvent 
were used in each tube. The characteristic rate of migration of each of the 
compounds tested is shown in Table III. Values for other solvent systems 
are also given. 
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TaBLeE IT - 

Amounts of Various Amino Acids Found in Hydrolysates of DNP Peptides 0 
The results are in micrograms per cc. of hydrolysate and do not represent per- D) 
centages in the peptides. D 
Peptides er pi  sThreo- | Valine ‘Leucine | [solew 7 

acid | acid | nine | aline Leucine cine 4 

heer yi shige ae oe ares Se D} 
From DNP insulin a 

1. Ethyl acetate mid-piece................| 0 | 50 | 42 | 39 | 46 52 DI 
2. Butanol mid-piece.................... | 150 | 1124 | 140 | 120 DI 
3. Slow moving butanol left end-piece... 25 | 25 | 19 | 28 | 68 DI 
4. Butanol left end-piece............ ee 85 | | 78 72 | 80 DI 
5. HCl cleavage product from (3).........| = | 60 | 60 Di 
_ we SE: Di 

From DNP trypsinogen | el 

} ~~ D) 

6. Ethyl acetate mid-piece............... i«® | | 24 | 35 | 37 | D) 
7. Butanol mid-piece..................... | | 73 | 90 | 101 | | DI 
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(b) Isolation of DNP-Glycine and DNP-Phenylalanine from DNP Ins | Bi 
lin—50 mg. of DNP insulin were refluxed in 15 ce. of 20 per cent HC! for4 
hours, and the acid was removed under reduced pressure. The residue was 
suspended in water, and the suspension was extracted four times with 
ethyl acetate. The extract was freed of solvent and partitioned counter. | P 
currently between butanol and dilute aqueous ammonia through eight 
tubes with 5 cc. of each solvent in each tube. Maxima of color, or peaks, 
appeared in Tubes 3, 6, and 8. The contents of Tubes 2 and 3 were freed | 0 
of solvents and counter-currently distributed between ethyl acetate and | 
0.1 m acetate buffer made from 1 volume of acetic acid and 3 volumes of 
sodium acetate. When the distribution was continued through eight 
tubes, a good peak was found in Tube 4. The contents of Tubes 3 to 5 were 


acidified, and the ethyl acetate layers were evaporated. The residue was : 
washed with water, dried, and shown to be DNP-glycine by its melting ‘ 


point of 205°. DNP-phenylalanine was obtained from Tubes 6 and 7 of 
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TaB_e III 


Position of Various Synthetic Compounds in Counter-Current Distribution between 
Immiscible Solvents in Series of Eight Tubes with Equal Volumes in Both Layers 





Tube No., showing maximal color 





| With ethyl acetate- 

Compound With butanol | With ethyl ace-| phosphate buffert 
and aqueous tate-acetate | ——______ a 
NH.OH* buffert 2:1 NasH- | 1:2 NasH- 
NaHs NaHs 
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Di-DNP-lysine§. . . 
«DNP-lysine||. 

DNP-arginine.. . 

DNP-histidine. . . 
DNP-cystine....... 
DNP-glycyldehydroalanine..... 
Bis-DNP-diglycyl-a-aminoalanine.... 
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*95 cc. of water + 5 cc. of concentrated ammonium hydroxide. 

+1 volume of 0.1 m acetic acid + 3 volumes of 0.1 m sodium acetate. 

t Buffer made by mixing 0.1 m solutions of Na:zHPO, and of NaH2PO, in the 
proportions indicated. 

§ In a system composed of 5 per cent aqueous ammonium hydroxide as the bottom 
layer and 2:1 ethyl acetate-ether as the top layer, the peak was in Tube 3. With 
just ethyl acetate as the top layer the peak was in Tube 6. The sodium salt was 
completely extractable from aqueous solution with ethyl acetate. 

| In a system of butanol and 0.1 N HCl, the peak was in Tube 6. 

** The peak was in Tube 2 when 3 volumes of butanol to 1 volume of ammonia 
were used instead of the 1:1 ratio. 


the butanol counter-current distribution by a partition with ethyl acetate 
and 0.1 m phosphate buffer made from 2 volumes of Na,HPOQ, and 1 
volume of NaH2PO,. 
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(c) Demonstration of DNP-Glycine in Fraction III of DNP Insulin | 
Digest—100 mg. of Fraction III, the part not extractable by ethy] acetate 
or by butanol, were hydrolyzed with HCl and separated exactly as de- 
scribed for DNP insulin in the preceding paragraph, and DN P-glycine was 
readily obtained. 

(d) Stability of DNP-Glycine to Hot, 20 Per Cent HCI—5 mg. of DNP. 


glycine were refluxed in 15 cc. of 20 per cent HCl for 24 hours, and the ) 


reaction mixture was concentrated to dryness under reduced pressure, 
The residue was distributed counter-currently between butanol and dilute 
ammonia through eight tubes. Most color was found in Tube 3, but g 
considerable amount of orange color was in Tube 8 (cf. (2)). Thus, some 
decomposition had occurred during the prolonged acid treatment. 

(e) Investigation of Chromophoric Group of DNP Peptides Isolated from 
DNP Insulin Digests—Samples of 10 to 30 mg. of each of the compounds 
were refluxed in 15 ce. of 20 per cent HCl for 4 hours, and the acid was 
removed by evaporation under reduced pressure. The residue was then 
taken up in water, and the suspension which resulted was extracted five 
times with ethyl acetate. The extract was freed of solvent and counter- 
currently distributed between butanol and dilute aqueous ammonia. In 
every case, the major part of the color was divided into two components, 
one of which remained mostly in Tube 1 and the other in Tube 8. In the 
case of the butanol mid-piece, the butanol right end-piece, and the ethy! 
acetate mid-piece, a faint peak was discernible in Tube 3, which should 


represent DNP-glycine. Therefore, the contents of Tubes 2 to 4 were | 
freed of solvents under reduced pressure and counter-currently distributed | 
between ethyl acetate and 0.1 m acetate buffer (made from 3 volumes of | 


sodium acetate and 1 of acetic acid). When the distribution was con- 
tinued through eight tubes, a peak characteristic for DN P-glycine appeared 
in Tube 4. However, the amount of color thus to be attributed to DNP- 
glycine was only a small fraction of the total in the hydrolysate. The 
major colored hydrolysis product was found in the right-hand tube of the 


butanol-ammonia counter-current series, and this was shown to be a neutral | 


substance because it could be extracted from either strongly acidic or 
alkaline solutions into ether. Results practically identical with these 
were found when the period of hydrolysis was 20 hours instead of 4. 

There was some evidence for another colored component in the hydroly- 
sates because the acidic aqueous phase which remained after the ethyl 
acetate extraction was still brownish yellow. It was not known whether 
this color arose from decomposition during hydrolysis or whether it was 
due to some yellow constituent not extractable with ethyl acetate. It was 
noted particularly in hydrolysates of the mid-pieces. On a paper strip 
chromatogram with butanol and ammonia this color moved at the same 
rate as did «-DNP-lysine. 
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(f) Anomalous Behavior of Bis-DNP-diglycyl-a-aminoalanine on Acid 
Hydrolysis—Diglycyl-a-aminoalanine (10) was converted to the DNP 
derivative according to the general procedure described by Sanger for 
DNP amino acids, and the bis-DNP-diglycyl-a-aminoalanine was purified 
by counter-current distribution between butanol and dilute aqueous am- 
monia (cf. Table III). It was finally obtained as the water-insoluble free 
acid which melted at 170—-175°. 


CisHisOi2Ns-H2O. Calculated, N 19.8; found, N 19.5 


10 mg. were refluxed for 4 hours in 20 per cent HCl, and the product was 
fractionated counter-currently with butanol and dilute ammonia. No 
trace of starting material or of DNP-glycine was found, but instead, two 
colored fractions, a left end-piece and a right end-piece, were present. 

By treatment with cold, concentrated HCl, followed by separation and 
hydrolysis of the individual cleavage products, DNP-glycine could be 
isolated from the compound, thus leaving little doubt that it was actually 
contained in the molecule. Cold, concentrated HCl (0.5 cc.) in 4 hours 
split the compound (5 mg.) quantitatively into two colored substances 
which were separated by counter-current distribution between butanol 
and aqueous ammonia. One product was identified as DNP-glycyl- 
dehydroalanine, found in Tubes 1 and 2 of the counter-current series,! 
and the other was a neutral compound, found in Tube 8, with the melting 
point of DNP-glycine amide (245°). When either one of these products 
was refluxed alone in 20 per cent HCI, DNP-glycine was formed, which was 
isolated by methods already described. 

(g) DNP-Methionine from Hydrolysate of Ethyl Acetate Slow Piece of DNP 
Trypsinogen—4 mg. of the ethyl acetate slow piece from DNP trypsinogen 
were dissolved in 15 cc. of 20 per cent HCl and the solution was refluxed 
for 24 hours. Excess HCl was removed under reduced pressure, the residue 
was suspended in water, and the suspension was extracted three times 
with ethyl acetate. The extracts were freed of solvent under reduced 
pressure and the yellow substance was distributed counter-currently, first 
in butanol and dilute aqueous ammonia, then in ethyl acetate-acetate 


“Tf care was exercised to prevent the temperature from rising during any of the 
operations, an intermediate compound could be distinguished as a colored peak in 
Tube 2 of a series of eight counter-current tubes. This was probably DNP-glycyl- 
ahydroxyalanine. Gentle warming such as that which occurred during concentra- 
tion under reduced pressure resulted in the disappearance of this material and the 
formation of a compound which behaved in a counter-current distribution as did 
synthetic DNP-glycyldehydroalanine. The course of the hydrolysis, therefore, was 
the cleavage to DNP-glycine amide by reaction of 1 molecule of water, and the 
subsequent dehydration of the relatively unstable derivative of a-hydroxyalanine. 
Synthetic glycyldehydroalanine used for the preparation of the DNP derivative 
was kindly supplied by Dr. J. P. Greenstein. 
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buffer, and finally in ethyl acetate and phosphate buffer. The composi. } | 
tions of these buffers were those shown in Table III. The yellow materia) | me 
behaved in each of the solvent systems as did DNP-methionine (cf. Table | cry 
III). The quantity of material available was not sufficient for identifica. D) 
tion by classical means. In addition to the yellow substance which behayed | wa 
as DNP-methionine, there was also some orange material which remained pre 
in the right-hand end tube of the butanol-ammonia distribution. | 2 

Partial Hydrolysis with Cold, Concentrated HCl of Slow Moving Butan | DD 
Left End-Piece—25 mg. of the slow moving butanol left end-piece wer | ade 
dissolved in 5 cc. of concentrated HCl for 5 hours at room temperature and {fa 
the solution was then diluted with 25 cc. of water and extracted twice __ isd 
with butanol. The extracts were treated with 10 cc. of dilute aqueous 1 
ammonia, concentrated under reduced pressure to dryness, and the residue Wa 
was distributed counter-currently between butanol and dilute aqueous 02 
ammonia through a series of eight tubes. Peaks of color appeared in _ the 
Tubes 1, 3, and 8. Contents of Tubes 2, 3, and 4 were freed of solvents _leu 
under reduced pressure and the residue was distributed counter-currently 0d 
between butanol and dilute aqueous ammonia through twelve tubes, but 
7.5 cc. of butanol and 2.5 cc. of aqueous phase were used in each tube, _ the 
The compound which was now found in Tubes 3, 4, and 5 was obtained pho 
as a small amount of crystalline material by evaporation of the solvents. _ is0l 
Hydrolysis and analysis showed the presence of only glutamic acid, leucine, | the 
and isoleucine. Son 

Partial Hydrolysis with Cold, Concentrated HCl of Butanol Mid-Piece— | 
10 mg. of the butanol mid-piece from DNP insulin were treated with HO] | larg 
in the manner described in the preceding section. In the counter-current | «tl 
separation, the major part of the color appeared as a peak in Tube 8 ofa | md 
series of fourteen. When the solutions containing this colored material | leu 
were evaporated and the residue hydrolyzed, glutamic acid was found as T 
the major amino acid. Traces of the other amino acids derivable from the ft 
butanol mid-piece could be detected if relatively high concentrations of sate 
the hydrolysate were tested. Because the cleavage product appeared in | oft 
the same position in a counter-current distribution as did the butand drol 
mid-piece from which it was made, this contamination was impossible to fron 
avoid. A similar cleavage product of the butanol mid-piece of DNP alan 
trypsinogen was found. 


SUMMARY yell 


Methods have been described for the separation of dinitropheny! amino the 
acids (DNP amino acids) and of DNP peptides. These methods depend iso 
on differential extraction and on counter-current distribution of various | Par 
salts of the DNP compounds. and 
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posi- ,  Pancreatin digests of DNP insulin have been fractionated by these 
teria] | methods to yield four crystalline yellow compounds. These same four 
Table | crystalline compounds were also obtained from pancreatin digests of the 


‘fica. _ DNP derivative of that fraction of performic acid-oxidized insulin which 
aved | was soluble at pH 6. Evidence for the homogeneity of these products was 
ained | presented. 


, Two compounds indistinguishable in all respects from two of those from | 
ano) | DNP insulin were also isolated from digests of DNP trypsinogen. In 
were | addition a third substance, not obtainable from DNP insulin, was isolated 
eanj | {rom DNP trypsinogen and found to yield DNP-methionine, serine, and 

twice isoleucine when it was hydrolyzed. 
ueoUs The amino acid composition of each of the substances from DNP insulin 
ssidye | Was examined, and they were found to be of differing complexity. One 
ueous contained the chromophoric group and glutamic acid; the second yielded 
‘ed iy the chromophoric group, glutamic acid, serine, threonine, alanine, valine, 
lventy leucine, and isoleucine; a third gave these constituents plus aspartic acid; 
rently and a fourth contained the same amino acids (except alanine) as the third 
tubes, but differed from it in the order of their arrangement. A fifth substance, 
tube, the purity of which was not established, was found to contain the chromo- 
tained | phoric group, aspartic acid, glutamic acid, serine, alanine, valine, leucine, 
vents, isoleucine, and cystine. The regular increase in complexity suggested that 
ucine, | the simpler ones were degradation products of the more elaborate ones. 

Some evidence against this view was presented. Although some of the 
ere | smaller peptides could be derived from one of the largest, another one of the 
h HC} | largest molecules apparently had its amino acid residues arranged differ- 
urrent | ently. The amino acid residues occurred in these compounds in equi- 

8 of a ' molecular proportions, except for one in which approximately 3 moles of 
aterial | leucine were present per mole of other constituents. 
und as The chromophoric group was considered to be DNP-glycine, but because 
om the | vi the low yield of this substance which could be isolated from the hydroly- 
‘ons of | Sates of the peptides, there was much doubt about this conclusion. Most 
sred in | o the colored material, or chromophore which was liberated by acid hy- 
yutanol | dolysis, could not be identified with previously described yellow products 
ible to | ftom DNP insulin. A model compound, bis-DNP-diglycyl-a-amino- 
: DNP | alanine, was synthesized and found to behave on hydrolysis with respect 
toits chromophoric groups much as did the peptides from insulin. 

Partial hydrolysis of the larger of the DNP peptides gave rise to smaller 
yellow compounds and these were isolated. From one of the large peptides 
‘amino | the cleavage product was shown to contain the chromophore, leucine, 
depend isoleucine, and glutamic acid. From another of the larger peptides the 
various | Partial cleavage product was composed principally of the chromophore 
and glutamic acid. 
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METABOLISM OF DEHYDROISOANDROSTERONE IN A 
WOMAN BEFORE AND AFTER REMOVAL OF AN 
ADRENOCORTICAL TUMOR 


By HAROLD L. MASON, EDWIN J. KEPLER,* ann JOHN J. SCHNEIDER 


From the Division of Biochemistry, Mayo Foundation, and the Division of Medicine, 
Mayo Clinic, Rochester, Minnesota) 


(Received for publication, February 7, 1949) 


In earlier communications (Mason and Kepler (1, 2)) it was shown in three 
instances that dehydroisoandrosterone was converted largely to andros- 
terone and etiocholanolone before excretion in the urine. In two cases 
dehydroisoandrosterone could not be isolated and in the third case it 
comprised approximately 21 per cent of the crystalline substances isolated. 
The surprising efficiency of conversion of dehydroisoandrosterone to other 
substances raised the question as to why often such large amounts of 
dehydroisoandrosterone relative to the other 17-ketosteroids are excreted 
in the urine in cases of adrenal cortical tumor. <A rather obvious sug- 
gestion was that perhaps a large production of dehydroisoandrosterone 
(or its precursor) by the tumor overwhelmed the mechanisms for its con- 
version and destruction and led to an increased proportion of dehydro- 
isoandrosterone and therefore of the 3(@)-hydroxyketosteroids (the 8 
fraction) in the urine. It was proposed to test this suggestion by adminis- 
tration of dehydroisoandrosterone to a patient with an adrenal tumor who 
was already excreting fairly large amounts of 17-ketosteroids with a high 
proportion of 3(¢)-hydroxyketosteroids. If the suggestion had any merit, 
it was anticipated that a large proportion of the dehydroisoandrosterone 
administered would be excreted unchanged. 

A suitable patient, who consented to be the subject of the study, was a 
woman twenty-nine years of age, who had become extremely virilized. 
Urine was collected for 10 days; then 50 mg. of dehydroisoandrosterone 
acetate in sesame oil! were injected three times daily (equivalent to a 
total of 131 mg. of dehydroisoandrosterone) for 8 days. All of the urine 
was collected during this period and for 3 days afterward, and pooled. 
Urine during the next 4 days was collected separately for isolation of the 
steroids. Previous experience indicated that the steroid content of the 
wine collected at this time would not be influenced by the injections of 
dehydroisoandrosterone acetate, and misfortune occurred in the isolation 


*Died October 19, 1947. 


‘We are indebted to Dr. Ernst Oppenheimer of Ciba Pharmaceutical Products, 
lnc., Summit, New Jersey, for this preparation. 
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of steroids from the urine collected during the pretreatment period (first 
control period). 

After the patient had recovered from the operation for removal of ap 
adrenal cortical tumor, beginning on the 24th postoperative day, dehydro. 
isoandrosterone acetate again was administered in the same manner and 
amount. The amount of 17-ketosteroids excreted during the postopera. 
tive control period was so small that no attempt to isolate steroids from 


TaBLeE I 


Excretion of 17-Ketosteroids during Administration of Dehydroisoandrosterone 
before Operation 





Day No. Total 17-ketosteroids | B& fraction 








Control period 





mg. per 24 hrs. | per cent 
1 271 | 45 
2 256 | 33 
3 248 | 23 





50 mg. dehydroisoandrosterone acetate 3 times daily 





ae 











252 28 
5 226 | 23 
6 319 32 
7 285 | 37 
5 262 | 42 
9 256 | 47 
10 296 | 36 
11 296 | 44 

After period 
12 | 272 46 
13 | 236 24 


14 | 256 48 





the urine collected during this period was made. Also for this reason 
determinations of the 8 fraction were not made. Determinations of the 
total 17-ketosteroids and of the 6 fractions were made during the first 
control period and daily during both periods in which the patient received 
dehydroisoandrosterone acetate. 

The results of the quantitative determinations are given in Tables | 
and II. The average value for the total 17-ketosteroids during the first 
control period (Table I) was 258 mg. (range 248 to 271) in 24 hours, 23 to 
45 per cent of which was the 8 fraction. On the 7th and 8th days of admin- 
istration of dehydroisoandrosterone acetate the value of the total 17- 
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) ketosteroids had increased to 296 mg. in 24 hours. The average value 
for the 8 days, however, was 274 mg., with a range of 252 to 296 mg. It 
gems likely that the collections of urine on Days 5 and 6 were not accurate, 
since the low value on Day 5 was compensated by the high value on Day 
$. Thus, on the average, the daily administration of 150 mg. of dehydro- 
jsoandrosterone acetate caused an increase of only 16 mg. in the daily 

) «gmount of 17-ketosteroids excreted. The @ fraction varied from 23 to 47 
per cent of the total amount and never increased significantly beyond the 
maximal value obtained during the control period or the after period. It 


TABLE II 


Ereretion of 17-Ketosteroids during Administration of Dehydroisoandrosterone after 
Removal of Adrenal Tumor 
Day No. Total 17-ketosteroids B fraction 
£ 


Control period 





mg. per 24 hrs. per cent 

1 2.8 

2 2.5 

3 2.5 | 

4 3.3 | 

50 mg. dehydroisoandrosterone acetate 3 times daily 

5 15.1 6 

6 40.3 8 

7 54.4 23 

8 57.5 13 
} 9 59.4 14 

10 58.8 24 

11 31.7 38 


12 | 52.2 | 36 








is evident that the daily addition of 150 mg. of dehydroisoandrosterone 
acetate to the steroids being metabolized did not produce a significant 
increase in the amount of 17-ketosteroids excreted or in the proportion of 
the 8 fraction. 

After removal of the tumor the excretion of 17-ketosteroids was only 
25 to 3.3 mg. per day (Table II). Injection of 150 mg. of dehydroiso- 
androsterone acetate daily for 8 days increased the excretion of 17-keto- 
steroids to between 50 and 60 mg. after the 2nd day. There was also a 
progressive increase in the 6 fraction to a maximum of 38 per cent in the 
$day period. 

The results indicate that before operation the added dehydroisoandros- 
rone was very efficiently metabolized to substances not recognizable 








a 
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as 17-ketosteroids. Dehydroisoandrosterone did not displace other } disea 
17-ketosteroids in the urine, since the 8 fraction was not increased. After | unch 
operation, however, excluding the Ist day, the average amount of 17-keto. | gmot 
steroids attributable to dehydroisoandrosterone was 47.8 mg. (50.6 mg, | smal 
minus the average control value, 2.8 mg.), or approximately 36 per cent | cases 
of the amount given. Furthermore, an appreciable proportion was jn | cases 
the 8 fraction, which presumably was largely unchanged dehydroigo. | Th 
androsterone (see the results of the isolation). tum¢ 

The results of the isolation of the urinary steroids are summarized jn | ()h 
Tables III and IV. A summary of the crude fractions is given in Table | tend 
III, and of the crystalline fractions in Table ITV. Unfortunately the ey. 


TaBLe III | a 
Crude Fractions Isolated 

| Preoperative Preoperative | Postoperative 

Fraction ! control period, | period, DHA* | period, DHA’ 
4 days given, 11 daysf | given, 8 days Eo 
= gm. gm. gm. i 
Neutral............... Pho ey Meee Se 1.823 4.575 0.979 | 2 
er rece ee 1.107t 2.621 0.452 min 
Non-ketonic ...... SSO eye By Re Se 0.484 1.351 0.428 Ch 
Alcoholic ketonic......... hh oaiciaticn i snehacs iat 1.652 0.354 if A 
" Ae 0.258 0.657 0.087 Pre 
Non-alcoholic ketonic........... ee 0.395 0.061 jee 
i non-ketonic................... 0.071 0.318 0.416 isn 
* Dehydroisoandrosterone acetate. deh 
t Urine collected for 3 days after administration of DHA was stopped was included + 
in this period. dude 

} This ketonic fraction was chromatographed without further fractionation. 

and 


tract of the urine collected before the first administration of dehydroiso- | hay, 
androsterone was lost. However, the urine, collected just prior to opera- hyd 
tion, on the 4th, 5th, 6th, and 7th days after administration of dehydro- poss 
isoandrosterone acetate had been stopped served as a control specimen. T 

In accord with the quantitative determinations of the 8 fraction, dehy- | jy p 
droisoandrosterone, together with its derivative, chlorodehydroandros- | gig 
terone, comprised more than half of the isolated ketones during the two | ang 


preoperative periods. This relation is in agreement with previous obser- | ¢atg 
vations that the excretion of dehydroisoandrosterone usually is increased | yjjj 
greatly in cases of adrenal cortical tumor. There appear to be no signifi- A’ 


cant qualitative or quantitative differences in the steroids isolated in the | deh; 
two preoperative periods. In the period after removal of the tumor there 
is evidence of conversion of dehydroisoandrosterone to androsterone and 
etiocholanolone, this time in a person who was not suffering from Addison’s the 
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ther ) disease or pituitary insufficiency. Also, a relatively large amount of 
{ter | unchanged dehydroisoandrosterone was recovered, 13.7 per cent of the 
eto. | amount administered and 65.8 per cent of the ketones isolated. A much 
mg, | smaller proportion of dehydroisoandrosterone was recovered in the three 
cent | cases previously described; indeed, none could be isolated in two of these 
$ in cases. 

The weights given for androsterone isolated during the periods when the 
umor was present may be misleading, since Lieberman and associates 
din | (3)have shown that this fraction may contain large amounts of A’-andros- 
‘able | ten-3(a)-ol-17-one, which cannot be separated readily from androsterone 


p> eX- 


0180- 


TasLe IV 
Steroids Isolated 


i Preoperative Postoperative 

Compound den period 1200 mg. period 200 me. 

1 period, 4 days 11 dayst F 8 days ; 

days oe total | mg. per total | mg. per | total | mg. per 

mg. | day | mg. day | mg. | day 

| Androsterone..........................e8.| 72 | 18.0 | 200 | 18.2] 43 | 5.4 

9 | Dehydroisoandrosterone...................| 282 58.0 488 44.4 | 144 | 18.0 

“ Btiocholan-3(a)-ol-17-one................., 78 | 19.5 | 283 | 25.7} 32 | 4.0 
* 3Chlorodehydroandrosterone............. 18 4.5 51 4.6 | 
" sAndrostene-3(8),17(a)-diol............. 5 | 1.2] 14 | 1.3] | 

‘ | Pregnane-3(a),20(a)-diol..................| 10 | 2.5!) 82 | 7.5, 18 | 2.2 

: - ee eens ey on aes 


*Dehydroisoandrosterone acetate; 1200 mg. are equivalent to 1047 mg. of free 
dehydroisoandrosterone. 

t Urine collected for 3 days after administration of DHA was stopped was in- 
duded in this period. 


‘luded 


and which do not depress the melting point of the latter. Although we 
roiso- | have been able in almost every case of adrenal tumor to isolate 11(8)- 
jpera- | hydroxyandrosterone, the precursor of the A®-androstenolone, it was not 
ydro- | possible to isolate it in this case. 








men. The alcohol, C2;H3,0, was encountered in another case of adrenal tumor 
dehy- | in relatively large amounts in the fraction conjugated with glucuronic 
idros- | wid. Its identity remains unknown. However, it formed a monoacetate 
e two | and benzoate, and took up 2 hydrogen atoms in the presence of platinum 
— catalyst. Presumably it is a pregnenol. The chemistry of this substance 
eas 


naar wil be the subject of a later communication. 
ignif- 4’-Androstene-3 (8) ,17(a)-diol? has been shown to be a metabolite of 


yee dehydroisoandrosterone. A*-Androstene-3(8) ,16(8),17(a)-triol? was not 
' there 

o and *Although recent evidence indicates that the configuration in these two com- 
son's pounds should be 17(8) and 16(a),17(8), respectively, they are here designated as in 


ihe preceding papers. 
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found, although it was sought exhaustively. When the tumor was present 


the significance of the presence of pregnanediol is uncertain, since this | 





patient had regular cyclic periods of bleeding which simulated norma] | 


menstruation. Four other alcoholic non-ketones were obtained in amounts 
too small for further investigation. 


Comment 


Obviously the results in this one case do not support the hypothesis 
stated at the beginning of this paper. Since we have no measure of the 
amount of dehydroisoandrosterone (or its precursors) being produced by 
the tumor and metabolized, it may be that the amount of this substance 
injected was insignificant in comparison with the total amount being metab. 
olized in various ways. However, if the mechanisms for metabolism of 
dehydroisoandrosterone were saturated, thus allowing a portion to escape 
into the urine, it would be expected that any additional amount would 
appear in the urine. Actually, it seems that the mechanisms for disposal 
of dehydroisoandrosterone were more effective in the presence of the 
tumor than after its removal. 

Previous studies (Mason and Kepler (1, 2)) on the metabolism of dehy- 
droisoandrosterone were made with subjects having pituitary insufficiency 
and adrenal cortical insufficiency. These subjects were, of course, not 
metabolically normal, but were selected because their endogenous pro- 
duction of steroid hormones was virtually nil. The question has arisen 
as to what effect their general metabolic deficiencies would have on the 
metabolism of dehydroisoandrosterone and other steroids. In the present 
case it may be argued that, when dehydroisoandrosterone was admin- 
istered after operation, sufficient time had not elapsed to permit the 
patient to recover fully from the effects of the operation or of the prior 
stimulus of large amounts of adrenal cortical hormones. Nevertheless, 
the patient had a functioning adrenal cortex and was metabolically normal, 
as far as could be determined. Since the metabolism of dehydroiso- 
androsterone was similar to that previously found, these results add 
further support to the conclusion that dehydroisoandrosterone is normally 
converted largely into androsterone and etiocholanolone before excretion 
in the urine. Individual quantitative differences have been pointed out 
previously. 

The daily excretion of 17-ketosteroids was somewhat low (2.5 to 3.3 mg.) 
at the time of the study after operation. However, a single determina 
tion 10 months after operation gave a value of 5.5 mg. per 24 hours and 
another 19 months after operation gave a value of 4.3 mg. 


EXPERIMENTAL 


The 17-ketosteroids were determined in an aliquot of each daily specimel 
of urine by the method of Callow, Callow, and Emmens (4). The reading 
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were corrected by the equation of Talbot, Berman, and MacLachlan (5). 
The 6 fraction was determined essentially by the method of Talbot, Butler, 
and MacLachlan (6). However, after precipitation of the digitonides 
overnight in the refrigerator and centrifugation, purified cholesterol was 
added to precipitate the excess of digitonin. The 17-ketosteroids not 
precipitated by digitonin were determined in the supernatant and the 
g fraction was calculated. The total 17-ketosteroids were determined in 
an aliquot of the original extract treated in the same way, except for 
omission of the digitonin, in order to compensate for any changes of volume 
during the rather long procedure. 

The urine remaining after determination of the 17-ketosteroids was 
pooled and processed in the manner previously described (7). The neutral 
extract was separated into alcoholic ketonic, non-alcoholic ketonic, 
and non-alcoholic non-ketonic fractions with the aid of Girard’s Reagent T 
and succinic anhydride. The last fraction was discarded. Individual 
compounds were separated by chromatographic analysis on columns of 
aluminum oxide (Fisher’s alumina for chromatographic analysis) by using 
carbon tetrachloride (for ketonic fractions) and benzene (for non-ketonic 
fractions) containing increasing small amounts of alcohol. 

The major part of the dehydroisoandrosterone was isolated as the 
hemisuccinate by crystallization from acetone of the mixed hemisuccinates 
of the alcoholic ketonic fraction. After hydrolysis of the hemisuccinates 
in the mother liquor, the remaining dehydroisoandrosterone was pre- 
cipitated with digitonin before this fraction was subjected to chromato- 
graphic analysis. Dehydroisoandrosterone, androsterone, and etiocho- 
lanolone were identified by comparison with authentic specimens and by 
comparison of the corresponding acetates. A®-Androstene-3(8) ,17(a)-diol 
and pregnane-3(a) ,20(a)-diol were identified in a similar manner. Chlo- 
rodehydroandrosterone (m.p. 155-156°) was identified by a positive 
Beilstein test and by comparison with an authentic specimen. 

Alcohol, C'2,;H;,0O—This substance was eluted from the column of alumina 
by benzene alone when the alcoholic non-ketonic fraction was chromato- 
graphed. The crystalline material weighed 80 mg. and melted at 140- 
141°. It formed an acetate which melted at 131-132°. The alcohol 
proved to be identical with a fraction obtained in another case of adrenal 
cortical tumor from the conjugates hydrolyzed with glucuronidase. In 
this latter case the empirical formula was established by analysis of the 
alcohol and the acetate. This compound will be the subject of a further 
communication. At this time it appears to be a pregnenol. 


SUMMARY 


Dehydroisoandrosterone acetate (150 mg. per day) was administered to 
4woman with an adrenal cortical tumor who was excreting an ayerage of 
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258 mg. of 17-ketosteroids per day. This amount of extra 17-ketosteroid 
resulted in an average increase in the excretion of 17-ketosteroids of only 
16 mg. There was no detectable change in the amount of the 8 fraction, 
After removal of the tumor, the daily administration of 150 mg. of dehy. 
droisoandrosterone acetate resulted in an average increase of 47.8 mg. in 
the amount of 17-ketosteroids excreted and the 6 fraction increased to 
38 per cent of the total. 

During the periods without treatment and with treatment with dehy- 
droisoandrosterone acetate while the tumor was present, androster- 
one, dehydroisoandrosterone, etiocholan-3(a)-ol-17-one, 3-chlorodehydro- 
androsterone, A°-androstene-3(8),17(a)-diol, pregnane-3(a) ,20(a)-diol, 
and an alcohol, C.:HsO, probably a pregnenol, were isolated from the 
urine. During the period of administration of dehydroisoandrosterone 
acetate after removal of the tumor, androsterone, dehydroisoandrosterone, 
etiocholan-3(a)-ol-17-one, and pregnane-3(a) ,20(q@)-diol were isolated, 
The isolation of androsterone and etiocholanolone in this last period is 
further evidence for the metabolic conversion of dehydroisoandrosterone 
to these substances, although the extent of the conversion was not as great 
as was found previously in two cases of Addison’s disease and one of pitui- 
tary insufficiency. 
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THE VERATRINE ALKALOIDS 
XXIX. THE STRUCTURE OF RUBIJERVINE 


By YOSHIO SATO ann WALTER A. JACOBS 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, February 15, 1949) 


Rubijervine has been shown to be a tertiary steroid base of 3(8)-hydroxy- 
\-stenol character. This was supported by its formulation, C27HO.N, 
by the formation of a digitonide, by its hydrogenation to a dihydro deriva- 
tive, and by its oxidation to a A‘-ketone, which in turn could be reduced to 
epimeric 3(a)- and 3(8)-A*-stenols which gave characteristic Rosenheim 
reactions (1-3). The presence of a second hydroxyl group was shown by 
the formation of a basic diacetyl derivative (2). On dehydrogenation 
with selenium, rubijervine yielded the characteristic 2-ethyl-5-methyl- 
pyridine obtained from other veratrine alkaloids (4-6) and from solanidine 
(2,7). Contrary to the latter, however, as in the case of the other veratrine 
bases, no Diels’ hydrocarbon was isolated. Instead, an isomeric methyl- 
cyclopentenophenanthrene (1), not previously encountered, was obtained 
which has not been identified with certainty but appeared to agree in 
properties with synthetic a-methyl-1,2-cyclopentenophenanthrene (8). 
In addition an appreciable amount of a phenolic hydrocarbon was obtained 
for which the formulation, C:sH1s0, was derived and which appeared to be 
aderivative of a methyleyclopentenophenanthrene (1). This dehydrogena- 
tion product was not isolated in the case of any of the other bases and thus 
far is presumably a product characteristic of rubijervine and probably due 
to its extra hydroxyl group. More recently in work undertaken to remove 


| this hydroxy] it has been definitely shown, by its conversion into solanidine 


and into solanidanol-(38) (9), that rubijervine is a hydroxysolanidine. 
From the general evidence, the most satisfactory interpretation for the 
structure of rubijervine, barring possible epimerizations, appears to be a 
12(a)-hydroxysolanidine (A*-solanidene-3(8), 12(a)-diol), Formula I. 


OH 


HO 





ae 
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A number of preliminary attempts to prepare rubijervine monoacetate da 
resulted in the preponderant formation of the diacetate, and this wa, | OI 
abandoned in favor of benzoylation when the latter proved more satis. | 
factory. On benzoylation rubijervine yielded varying proportions, de. | a, 
pending upon the conditions used, of rubijervine-3-benzoate and rubijervin, sol 
dibenzoate which could be separated chromatographically. That the 3. ms 
hydroxyl group was more readily benzoylated with the initial preferential | ac 
formation of the 3-benzoyl derivative was shown by the failure of the mono. ree 
benzoate to form a digitonide, and by the fact that its protection led to dei 
the production of solanidine. Oxidation of the monobenzoate with chromic as 


acid yielded the monoketobenzoate (A°-solanidene-3(8)-ol-12-one benzoate), 
which could be readily saponified to rubijervone-12 (A5-solanidene-3(8)-ol-19- 
one). The benzoate, however, was used for conversion into the semi. | 
carbazone, which in turn was reduced by the Wolff-Kishner method. The 
reaction product, after purification through alumina, yielded a base which 
agreed in all properties such as melting point and rotation with solanidine. 
This was confirmed by the comparison of its acetyl derivative with acetyl- 
solanidine. 

In the conversion of rubijervine into solanidanol-(38), dihydrorubijervine 
(2) was oxidized with chromic acid to the diketo derivative (solanidane-3 , 12- 
dione). The disemicarbazone of the latter, when subjected to the Wolff- 
Kishner reduction, yielded a mixture from which solanidanol-(38) was 
isolated in fair yield. Along with the latter a small amount of a by-product 
was obtained which was believed to be solanidane. The anomalous be- 
havior of the 3-semicarbazone group, in that it was reduced to the hydroxy] 
group, is in agreement with the observations made by Dutcher and Win- 
tersteiner (10). These experiments, barring rearrangement, have shown 
that rubijervine must possess the same configuration as solanidine but 


with an extra secondary hydroxyl group. ” 

In the course of the work dihydrorubijervine dibenzoate and dihydrorubi- DO 
jervine-3-benzoate were also prepared. ‘The latter was oxidized to solani- cat 
dane-3(B)-ol-12-one benzoate, and unsuccessful preliminary attempts were 


made to dehydrogenate this substance partially to a possible A’ “-12- ger 
keto derivative with selenious acid in accordance with the procedure of in 


Schwenk and Stahl (11). the 

In an effort to locate the position of the extra secondary hydroxyl C. 
group, a series of studies was made. The ready formation of a monoacyl on 
derivative and the lack of ring cleavage on mild oxidation seemed to ex- the 
clude positions 2 and 4, vicinal to the 3(OH) group. Oxidation with fay 
periodic acid was nevertheless attempted on rubijervine but, as expected, pre 
no reaction was observed. The stability of the diketone observed with cal 


alkali, its absorption spectrum (Fig. 1), and the non-formation of a pyt ny 
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dazine derivative (12) with hydrazine also preclude the presence of the 
OH group on position 1. 

The stability of rubijervine towards acids and the apparent lack of an 
,s-unsaturated carbonyl group in the 3-hydroxyketo compound (A‘- 
solanidene-3(8)-ol-12-one), as shown by the absorption spectrum (Fig. 1), 
makes assignment of OH to position 7 likewise untenable. In view of the 
accepted inactivity of the carbonyl group at position 11 towards ketonic 
reagents (13), this position can also be eliminated, since the diketodihydro 
derivative (solanidane-3 , 12-dione) forms the disemicarbazone. This leaves 
as possibilities only position 12 in Ring C, position 15 in Ring D, and 
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Fig. 1. @, A®-solanidene-3(8)-ol-12-one; O, solanidane-3,12-dione; both in ethanol 
































position 23 or 24 in the heterocyclic portion (position 26 is eliminated be- 
cause such a carbonyl derivative would be a substituted neutral lactam). 

Whereas solanidine yields Diels’ hydrocarbon upon selenium dehydro- 
genation, an isomer was obtained from rubijervine. If this result is due 
in some way to the interference offered by the second OH group towards 
the normal shift of the angular methyl group, hydroxyls located on Ring 
Cor D might seem more likely to interfere with such a shift than those 
on the N ring. In such a case, positions 12 and 15 would appear to be 
the most likely for the second hydroxyl group. Some evidence seems to 
favor the 12 position. Considerable difficulty was encountered in the 
preparation of the semicarbazone of the ketomonobenzoate and disemi- 
tarbazone of the diketodihydro derivative. Analyses of the samples 
invariably showed a low nitrogen content and only by a purification which 
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involved considerable loss of material could satisfactory analytical figures 
be obtained. This is somewhat in accord with the findings of Dutcher 
and Wintersteiner (10) that ketones with carbony] at position 12 can, on 
treatment with semicarbazide acetate, lead to incomplete semicarbazone 
formation. 
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Fic. 2. Absorption curve of C,sH:e0 from rubijervine; in ethanol 


Optical rotation data also seem to favor the 12 position on applying 
Barton’s (14) method of molecular rotation differences. The molecular 
rotation of dihydrorubijervine, [M], = ++220°, less the rotation of solani- 
danol-38) (9), [M], = +113°, is +107°. This is in fairly good agreement 
with the value listed by Barton for a 12(a)OH, viz., +93°. Also the ro- 
tation for the diketodihydro derivative, [M] = +489°, less the rotation 
for solanidane-3-one, [M], = +182°, gives +307°, which is compatible 
with the data given by Barton for the 12-keto group of +270° (14). 
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Finally, in the phenolic dehydrogenation product of rubijervine CysH,.O, 
ultraviolet absorption shown in Fig. 2) apparently characteristic of the 
latter, the favored interpretation is that the phenolic group comes from 
the extra hydroxy] of the base. If so, this would exclude any position on 
Ring D or the side chain but not position 12. Although the data presented 


favor such a 12(a)-hydroxyl group, further studies are necessary to make 
this conclusion final. 


EXPERIMENTAL 


Rubijervine Monobenzoate and Dibenzoate—In «a typical experiment 
500 mg. of rubijervine were dissolved in 5 ml. of dry benzene and 5 ml. of 
dry pyridine by slight warming and 0.3 ml. of benzoyl chloride was added 
to the solution. This was then heated in an oil bath for 50 minutes at 
100° (+5°). Most of the solvent was removed under diminished pres- 
sure to a syrupy consistency and 50 ml. of water were added. Addition 
of a slight excess of dilute ammonia resulted in a voluminous precipitate 
which was extracted with chloroform. The extract was washed with 
water and dried. After the chloroform was removed, the crude residue 
was dissolved in chloroform-benzene (1:10) and chromatographed through 
25 gm. of (Brockmann’s) alumina. Elution with the same solvent mix- 
ture (1:10) yielded at first the dibenzoate. When this was changed to a 
1:2 solvent mixture, the monobenzoate followed. 

The monobenzoate crystallized as needles from benzene which melted 


under the microscope at 260-262°. Yields generally averaged about 80 
per cent. 


CyuHwO:N. Calculated, C 78.87, H 9.15; found, C 78.77, H 9.15 


The dibenzoate also crystallized as needles from methanol-acetone 
with a micro melting point of 186-187.5°. 


CuHs0.N. Calculated, C 79.19, H 8.27; found, C 79.31, H 8.56 


By raising the temperature or increasing the time of heating, the yield 
of the dibenzoate was increased considerably. 

A®-Solanidene-3(8)-ol-12-one Benzoate—A solution of 37 mg. of CrO; 
in 4 ml. of 90 per cent acetic acid was added dropwise to 260 mg. of rubi- 
jervine monobenzoate dissolved in 3 ml. of the same solvent and main- 
tained at about 15°. An immediate precipitate formed which redissolved 
m agitation. After standing 16 hours at room temperature, about two- 
thirds of the solvent was removed under diminished pressure. 75 ml. of 
H,0 were then added to the viscous syrup, followed by neutralization with 
dilute ammonia. The copious precipitate was extracted with chloroform 
and the extract was washed with water and dried over anhydrous Na,SQ,. 
After removal of the solvent, the residue was crystallized from acetone. 
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It formed long rods which melted at 214-216° and solidified into large 
slabs or blades which again melted at 233-236°. For analysis it was 
dried at 110° and 0.2 mm. 


CyHyO;N. Calculated, C 79.18, H 8.80; found, C 79.16, H 8.82 


In several runs yields of 70 to 75 per cent were obtained. 

AS- Solanidene-3(8)-ol-12-one—42 mg. of the above benzoate were dis. 
solved in 0.8 ml. of benzene and refluxed gently with 10 ml. of 1 per cent 
methanolic KOH solution for 25 minutes. When about two-thirds of 
the solvent were removed under reduced pressure, needles separated, 
When twice recrystallized from methanol-ether, it formed long silky 
needles which melted under the microscope at 236-238°. 


[a] = +45° (c = 0.89 in chloroform) 
CozHyO2N. Calculated, C 78.77, H 10.05; found, C 78.60, H 10.09 


The ultraviolet absorption spectrum of the substance shows only car- 
bony]! absorption, as given in Fig. 1. 

Semicarbazone of A®-Solanidene-3(8)-ol-12-one Benzoate—180 mg. of 
the keto benzoate in benzene were concentrated to dryness in vacuo to 
insure removal of any acetone of crystallization and then dissolved in 
50 ml. of warm 95 per cent ethanol. A semicarbazide acetate solution 
was prepared from 0.2 gm. of potassium acetate in 2 ml. of 95 per cent 
ethanol and 0.2 gm. of semicarbazide hydrochloride in 0.6 ml. of H,0. 
The filtrate from precipitated KC] was added to the above solution. The 
mixture was refluxed for 3 hours and allowed to stand overnight. After 
removal of about two-thirds of the solvent under reduced pressure, 50 
ml. of H,O were added and the solution was made slightly alkaline with 
ammonium hydroxide. The resulting copious precipitate was extracted 
with chloroform and the solution was thoroughly washed with water 
and dried over NazSOQ,. The white solid obtained from the extract could 
not be crystallized. The amorphous residue (220 mg.) was thoroughly 
digested with cold ether, collected, and dried at 110°. 132 mg. of white 
amorphous solid were recovered, which decomposed above 265° with pre- 
liminary discoloration. In four runs the analyses all indicated low C and 
N values, even when pyridine was used as the solvent, as recommended 
by Dutcher and Wintersteiner (10). A satisfactory analysis was obtained 
only after the material was thoroughly washed with ether with a consid- 
erable loss of the substance. 


CuHuO;Ny. Calculated, C 73.39, H 8.45, N 9.78 
Found,  ‘“ 73.30, “ 8.42, “ 9.93 


Reduction of Semicarbazone to Solanidine—125 mg. of the above seml- 
carbazone placed in a bomb tube with sodium ethylate solution pre 
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pared from 125 mg. of sodium and 5 ml. of absolute alcohol were heated 
for 8 hours at 200-210°. The contents of the tube were mixed with 100 
ml. of H,O and the opaque solution was acidified with dilute HCl. A prac- 
tically clear solution resulted which was extracted thoroughly with ether 
to remove benzoic acid. 20 mg. of the latter were recovered. The 
aqueous phase was next made alkaline with ammonium hydroxide and 
the resulting precipitate was extracted with ether. The washed and dried 
extract, after removal of ether, yielded 60 mg. of white solid, which was 
dissolved in benzene and chromatographed through 3 gm. of alumina. 
20 mg. of substance were eluted with benzene-ether (9:1). When this was 
recrystallized twice from acetone, needle-shaped crystals were obtained 
which melted under the microscope at 214-218°. This substance gave 
no depression in melting point with an authentic specimen of solanidine 
(micro melting point 215-218°). 


[a]p = —27° (c = 0.36 in chloroform) 
Prelog and Szpilfogel reported [a], = —27.0° + 4° (9). 
CxHywON. Calculated, C 81.54, H 10.91; found, C 81.51, H 10.85 


In another run the crude substance obtained from the Wolff-Kishner 
reduction was directly crystallized from acetone and was used for the 
following acetylation. 

32 mg. of the base dissolved in 0.8 ml. of pyridine were treated with 
0.4 ml. of acetic anhydride and allowed to stand for 17 hours at room 
temperature. The bulk of the solvent was removed in vacuo and 25 ml. 
of H,O were added to the residue. The aqueous phase was made slightly 
alkaline with dilute ammonia and the flocculent mass was extracted with 
ether. The latter left a residue which, when recrystallized twice from 
alcohol, formed flat blades which melted at 207—209°.! This showed no 
depression in a mixed melting point with authentic acetylsolanidine. 


CH yO2N. Calculated, C 79.04, H 10.30; found, C 79.20, H 10.32 


Dihydrorubijervine Monobenzoate and Dibenzoaie—0.2 ml. of benzoyl! 
chloride was added to 0.175 gm. of dihydrorubijervine (2) dissolved in 5 
ml. of benzene and 5 ml. of pyridine. The solution was heated in an oil 
bath at 110-120° for 75 minutes. After partial concentration and addi- 
tion of water, the solution was made alkaline with dilute ammonia and 
the precipitated mass was filtered and dried. This material was chromato- 
graphed over alumina. The dibenzoate (120 mg.) was obtained by elu- 
tion with benzene-ligroin (3:1), while the monobenzoate (35 mg.) fol- 
lowed in the benzene-ether (2:1) eluate. 


' Schépf and Herrmann report 206-208° (15). 
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The dibenzoate crystallized from benzene as needles which melted at 
266-269°. 


CuHy0O.N. Calculated, C 78.93, H 8.56; found, C 79.06, H 8.47 


The monobenzoate was crystallized from methanol-acetone. It formed 
rosettes of needles and melted at 187—190°. 


CysHisO3N. Calculated, C 78.57, H 9.50; found, C 78.70, H 9.46 


Solanidane-3(8)-ol-12-one Benzoate—30.5 mg. of chromic oxide dissolved 
in 3.5 ml. of 80 per cent acetic acid were added dropwise to 156 mg. of the 
above monobenzoate in 2 ml. of acetic acid. The mixture was allowed to 
stand at room temperature for 80 minutes. After concentration, 125 
ml. of H,O were added, followed by excess dilute ammonia. The volumi- 
nous mass was extracted with chloroform. The washed and dried extract 
yielded, after removal of the solvent, the crude product which was crys- 
tallized from a mixture of acetone and benzene. It formed rosettes of 
needles which melted at 236-241°. 


CyHwO;N. Calculated, C 78.87, H 9.15; found, C 78.77, H 9.18 


The above compound was treated with selenious acid according to the 
procedure of Schwenk and Stahl (11), but nothing definite could be iso- 
lated from the darkly colored solution. 

Solanidane-3 ,12-dione—0.25 gm. of CrOs; dissolved in 10 ml. of 80 per 
cent acetic acid was added dropwise to 0.31 gm. of dihydrorubijervine 
(2) dissolved in 25 ml. of glacial acetic acid. After 1 hour at 27-29°, the 
mixture was diluted and extracted with chloroform. The chloroform 
phase was washed with 5 per cent NaHCOs, then with H,0, and dried over 
NaSO,. After removal of the solvent, the crude product was crystallized 
from acetone. It formed large rhombic crystals which probably contained 
solvent. When viewed under the microscope, it melted at about 215° 
and then solidified as small platelets which melted again at 242-244°. 
It was dried at 110° and 0.2 mm. pressure. The ultraviolet absorption 
spectrum of the compound is shown in Fig. 1. 


[a]> = +119° (c = 1.19 in chloroform) 
CoxHyO2N. Calculated, C 78.78, H 10.05; found, C 78.70, H 9.95 


When this substance was refluxed in methanolic alkali for 2 hours, it was 
recovered unchanged. 

Disemicarbazone—The procedure of Dutcher and Wintersteiner was 
closely followed (10). A solution of 500 mg. of the above diketodihydro 
derivative in benzene was evaporated to dryness in vacuo to remove aly 
solvent of crystallization. 500 mg. of semicarbazide hydrochloride dis- 
solved in 1.5 ml. of H,O were treated with a solution of 500 mg. of potas- 
sium acetate in 5 ml. of absolute alcohol. The filtrate from KCl was 
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added to the above diketodihydro derivative dissolved in 10 ml. of pyri- 
dine and 8 ml. of absolute alcohol. After the addition of 5 ml. of water, 
the mixture was gently warmed on the steam bath for a half hour and 3 
ml. of chloroform were then added to dissolve the precipitated solid. 
After standing for 70 hours, the mixture was poured into 200 ml. of H,O 
and extracted with chloroform. When the crude chloroform residue was 
thoroughly washed with ether and dried, 540 mg. of a slightly colored 
amorphous substance were obtained. It began to discolor at about 260° 
and charred completely at 300°. When this was directly analyzed with- 
out further purification, the nitrogen value was low, a result obtained in 
four runs. Satisfactory figures resulted only when the material was dis- 
solved in hot alcohol-water and allowed to separate slowly by gradual 
cooling. About half of the material was lost in this purification. 


CosHaxO2N7. Calculated. C 66.25, H 9.01, N 18.65 
Found. “* 66.10, ‘‘ 9.16, ‘‘ 18.30 


Wolff-Kishner Reduction of Disemicarbazone—A mixture of 0.25 gm. 
of sodium dissolved in 7 ml. of absolute ethanol and 280 mg. of the disemi- 
carbazone was heated in a bomb tube for 8 hours at 200° + 10°. The con- 
tents of the tube were poured into 100 ml. of water and extracted with 
ether. Difficulty was encountered because of emulsification. Subse- 
quent extraction with chloroform proved less troublesome. After removal 
of the solvents, the material in each case was crystallized from acetone. 
From the mother liquor of each fraction a small amount of substance 
which melted at 272-274° was obtained, but it was not investigated fur- 
ther. Since the main fractions were not homogeneous, they were re- 
combined (65 mg.) and chromatographed through 3 gm. of alumina. 
Elution with benzene yielded in succession two components, a low melt- 
ing fraction (28 mg.) and a higher melting one (37 mg.). The latter, 
when recrystallized twice from acetone, formed long needles, which melted 
at 218-220° and showed no depression when mixed with authentic solani- 
danol-(38). 

[aj®’ = +31° (c = 0.70 in chloroform); [a], = +28.2° (+4°) was re- 
ported by Prelog and Szpilfogel (9) for solanidanol-(38). 

CozHyON. Calculated, C 81.14, H 11.35; found, C 81.20, H 11.20 


The above low melting fraction crystallized as rosettes of needles from 
% per cent ethanol, which melted at 164-166°.2. This substance is be- 
lieved to be solanidane. Unfortunately no analysis was obtained with it. 


la]> = +36° (c = 0.43 in chloroform) 
lal? = +33.1° (42°) was reported by Prelog and Szpilfogel (9). 


*Bergel and Wagner give 163-164° (16); Dieterle and Rochelmeyer give 164-165° 
(17), 
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All analytical work was performed by Mr. D. Rigakos of this labors. 
tory. 


SUMMARY 


Rubijervine has been shown to be solanidine with an additional OH group 
by the conversion of the monoketo derivative of rubijervine into solanidine 
and by the conversion of the diketodihydro derivative of rubijervine into 
solanidanol-(38). Possible positions for the second hydroxyl group have 
been discussed and the provisional conclusion reached that it is a 12(q). 
hydroxyl group. 
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INHIBITION OF THE ENZYMIC OXIDATION OF XANTHINE 
AND XANTHOPTERIN BY PTERIDINES* 


By B. H. J. HOFSTEE 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland) 


(Received for publication, January 5, 1949) 


Kalckar et al. (1) found that xanthine and xanthopterin oxidases are inhi- 
bited by certain preparations of folic acid and that this inhibition is due to 
the presence of 2-amino-4-hydroxypteridine-6-aldehyde (2). This aldehyde 
is a fission product of folic acid, from which it is formed by irradiation. In 
the present work it is shown that several other pteridines exert an inhibitory 
effect on both enzyme reactions, and studies on the mechanism of this 
inhibition are described. In the course of these investigations evidence 
that xanthine and xanthopterin oxidases are identical has accumulated. 


Methods 


Xanthine and xanthopterin oxidase activities were determined spectro- 
photometrically according to the method of Kalckar (3). The increase 
in absorption at 290 my (uric acid) and 330 mu (leucopterin), respectively, 
was used as a measure of activity. Enzyme and substrate were mixed and 
subsequently were transferred into a cuvette, and within 1 to 2 minutes 
the first reading was taken. The total volume of the reaction mixture 
was 3.0 to 3.2 ml., including 1 ml. of 0.1 m buffer of pH 7.5 or 8.5. Except 
for the enzyme, the contents of the first cuvette (reference) were the same 
as those of the second cuvette in which the enzyme reaction was followed. 
The enzyme concentration was such that a constant reaction rate was 
obtained for 10 to 20 minutes or longer, depending on the amount of 
substrate present. The actual amount of xanthine or of xanthopterin 
oxidized, when necessary, was calculated from the AF29 and AE339 values 
corresponding to the buffer used (see the next section). 


EXPERIMENTAL 


Preparations—Xanthine oxidase was used, prepared from cream accord- 
ing to the method of Ball (4), except that the last purification step in this 
procedure was omitted (enzyme I). Another xanthine oxidase preparation 
was also used; this was prepared by the complete Ball procedure and sub- 


* This research was supported (in part) by a grant from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service. 
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sequent adsorption on an alumina column and elution with sodium pYro- 


phosphate buffer, 0.1 m of pH 8.5 (enzyme II). Xanthopterin oxidag oy 
was prepared from whey, according to Kalckar and Klenow (5). The . 
fraction precipitating between 25 and 38 per cent ammonium sulfate | I 
saturation was dissolved in sodium pyrophosphate buffer ( approximately of 
0.01 m), pH 8.5, without any further purification (enzyme III). Thi 0.0 
preparation gave vigorous gas development with HO», a finding thet | as 
indicates the presence of catalase. Xanthine (Fisher), after being dissolved bu 
in alkali, was precipitated with acid, and the washed product, after re. thi 
crystallization from boiling water, was dried over sulfuric acid. Xanthop. (1) 
terin (2-amino-4 ,6-dihydroxypteridine (Lederle)) was recrystallized from 
boiling water and then was dried over sulfuric acid. 

The following compounds were used as inhibitors:! 7-OH-pterin (igo. _, 
xanthopterin), 7-COOH-6-OH-pterin, 7-CH;-6-OH-pterin, 6-CH;-7-0H. 
pterin, 6,7-dimethylpterin, 2,4-diamino-6,7-dihydroxypteridine, and 2,4. rai 
diamino-6 ,7-dimethylpteridine were kindly furnished by Dr. George a 
Hitchings of the Wellcome Research Laboratories. 6-COOH-pterin was of 
supplied by Dr. J. J. Pfiffner of Parke, Davis and Company, 6,7-diby- 
droxypterin (leucopterin) by Dr. L. D. Wright of Sharp and Dohme, and | en 
folvite (folic acid, commercial grade), purified folic acid, 4-aminopteroyl- te 


glutamic acid (“aminopterin’’), and 6-“formyl”-pterin (pterin-6-aldehyde) de 
by the Lederle Laboratories Division or the Calco Chemical Division of 


as 
the American Cyanamid Company, through the courtesy of Dr. T. H. al 
Jukes. All the compounds were dissolved in a drop of alkali; this was D1 


diluted to give a concentration of 2 X 10-* Mm and the solution was stored | 7 
in the refrigerator. 

AE. (Xanthine) and AE3 (Xanthopterin)—Kalckar (3) found that the 
oxidation to uric acid of 1 y of xanthine per ml., in a glycylglycine buffer fe 
of pH 7.5, causes an increase in absorption (Fi em.) of 0.066 at 290 mp 


We found the same value when using a glycylglycine buffer. In a phos- t 

phate buffer of pH 7.5, however, this value was 0.056. This difference is 
due to the fact that uric acid absorbs to a somewhat greater degree in 4 | si 
1To avoid the too frequent use of the cumbersome term, 2-amino-4-hydroxy- 8 
pteridine, this is referred to as ‘‘pterin.’’ Throughout this paper the following t 
numbering system of the pteridine ring system has been used: | h 
N N t 
VV + 1 \ } 
HC! °CH _ 

| | 

HC, | 3N 
Nt \s Vi ; 
N C | 


H . 2 
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| Pyto- glycylglycine buffer of pH 7.5 than in a phosphate buffer of the same 


xidase pH, while the absorption of xanthine is considerably lower. This is caused, 
The apparently, by an interaction with the buffer. 

sulfate | [na pyrophosphate buffer of pH 8.5, we found a AF 2 value for xanthine 

mately | of 0.047, and in a glycylglycine buffer of pH 8.5 it was approximately 
This 0.054. The AF; em. (330 my) for xanthopterin (1 y per ml.) was estimated 

z that , 9¢ 0.037 in a pyrophosphate buffer of pH 8.5 as well as in a glycylglycine 

solved buffer of the same pH, while at pH 7.5, and in both types of buffers used, 

ter re. this value was approximately 0.031, as was found by Kalckar and Klenow 

nthop- (1). 

1 from The AE) em. values, expressed on a molar basis, were as follows: 

> ee 

da | anc See fogs 

. Meee deesthing)..............-:--s+sa+e. 8.51 7.14 | 10.05 | 8.21 

ete Ste SEMEIODEOPIN) >... . see cee sce ks ess 5.55 6.63 5.55 | 6.63 

in was Se SORTS SET ERROR SCR re ee Ee ae ee eee at 

~dihy- 


Influence of Substrate Concentration and pH on Reaction Rate—Each 


e,and |  engyme preparation showed xanthine oxidase activity as well as xanthop- 
teroyl: terin oxidase activity. At lower substrate concentrations, however, and 
hyde) depending on the pH, the reaction rate for the oxidation of xanthine was 
ion of as much as 25 times as high as for xanthopterin. Thus, to obtain a measur- 
T. Hi. | able activity for the oxidation of xanthopterin, the enzyme had to be 
iS WS | present in a concentration 10 to 20 times that required for xanthine. 
stored | The reaction rate at room temperature was maximum at a substrate con- 
) centration of about 6 X 10~° m for xanthine as well as for xanthopterin 
at the and at both pH values used. Under the experimental conditions, there- 
buffer fore, the enzyme was “saturated” with substrate. At pH 7.5, higher 
0) my. substrate concentrations tend to decrease the reaction rate. This inhibi- 
phos- tion does not occur at pH 8.5, at concentrations up to 10-* m. 
a No efforts were made to determine the precise Michaelis constants, 
ema \ since this involves the measurement of reaction rates less than maximum. 
-droxy- Such rates cannot be measured very accurately at substrate concen- 
lowing trations of about 10-° m and lower, even with this method. It appears, 


| however, that these constants are of the order of magnitude of 10-*, with 
the exception of that of xanthine at pH 8.5, which seems to be higher. 
From the data available it appeared also that the K,, for xanthopterin 
} Was smaller than for xanthine at both pH values. 

At a substrate concentration of 6.6 X 10-° M and at pH 8.5, the rate of 
oxidation of xanthine is approximately 1.6 times the rate at pH 7.5, while 
in the case of xanthopterin (same concentration) the rate at pH 8.5 was 
found to be slightly lower than at pH 7.5. 








ee 
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Inhibition of Xanthine Oxidase by Pteridines—This inhibition was meas. 
ured by determining the activity of a sample of the enzyme as described 
above and by comparing this with the reaction rate in a third cuvette 
having the same contents as the second, except that a certain amount of 
inhibitor was present in the same volume. From these data the per. 
centage inhibition was calculated. Changes or differences in inhibitory 
power were measured in the fourth cuvette. In the concentrations 
used, and at the wave-lengths at which the measurements were carried 
out, the contribution of the inhibitors to the absorption was of no practica] 
consequence. 

All simple pteridines tested inhibit xanthine oxidase to some degree, 
Xanthopterin, for instance, inhibits the oxidation of xanthine, while it cap 
be used as a substrate for the enzyme preparation at the same time. Dur. 
ing the time of measurement, however, and with the amount of enzyme 
used for determining xanthine oxidase activity, the amount of xanthop- 
terin oxidized is almost negligible. Kalckar and Klenow (5) found that 
the inhibitory power of pterin-6-aldehyde greatly decreased upon previous 
treatment with a similar enzyme preparation. Presumably the situation 
for this inhibitor is comparable to that with xanthopterin. The pterin- 
aldehyde is converted by the enzyme preparation to a substance with a 
much weaker inhibitory power, and xanthopterin is oxidized to leucopterin, 
which has a weaker inhibitory effect on xanthine oxidase (Table II), 
The rate of these conversions is much slower than the rate of oxidation 
of xanthine with the same amount of enzyme preparation. These con- 
siderations led to the treatment of the other inhibitors with an excess of 
enzyme during a long time interval. This treatment was carried out as 
follows. A sample of each inhibitor was incubated at 38° for 20 hours 
with and without the enzyme at pH 8.5 (enzyme III); then the tubes 
were heated for 5 to 10 minutes at 100°. After cooling to room tempera- 
ture, approximately one-tenth of the original amount of enzyme was 
added and the inhibition was measured, as described above, with xanthine 
as substrate. The results of these experiments are recorded in Table I. 

The inhibitory power of a commercial grade of pteroylglutamic (folic) 
acid (folvite) does not disappear completely following treatment with the 
enzyme, nor does that of the 6-aldehyde. Highly purified samples of 
pteroylglutamic acid and of the corresponding 4-amino compound 
(“aminopterin’’), on the other hand, do not show any inhibition after such 
treatment. Kalckar and coworkers (5) have observed that no change in 
the absorption spectrum of folic acid occurred during treatment with the 
enzyme; nor was there any change in the growth-promoting effect on 
Lactobacillus casei and Streptococcus faecalis R. For ‘“aminopterin,” 
as well, we found no change in the absorption spectrum. Thus, the disap- 
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) pearance of the inhibition presumably is due only to an enzymic modifica- 


tion of an impurity (the 6-aldehyde), the latter being present in a quantity 
too small to affect the absorption spectrum. The inhibitory power of 
the aldehyde is in the order of magnitude of 100 times higher than that 
of xanthopterin (Table II). Under the conditions given in Table I, before 
treatment, purified pteroylglutamic acid and “aminopterin” have about 
the same inhibitory effect as xanthopterin, which indicates that only very 


TABLE [ 
Inhibition of Oxidation of Xanthine by Pteridines 
Influence of incubation of the inhibitors with the crude enzyme at 38°. 


ene a Ae se : 


| Concentra- 














\Per cent inhibition after 

















sas | tion in Time of | menveneer 
Pteridine | reaction | incubation |}————— - ae 
| mixture | Without With 
| ene 
| MX 10% hrs. | 
RE eee eee e rer ers pa a 2.3 0 98 
Ee Syed sae a oy ua eae eee 2.3 + | 90 
I Gt andi sancberaraca adel 4 tint slandeara loa aie 2.3 ; 76 
NE a di a ig sid oink a 4a ASS ae ee 2.3 2 96 66 
ee eee ee 2.3 24 95 50 
| RS rere rer 2.3 20 71 0 
IE 6 vrs cada ka rds cshaetaeeae 2.3 20 72 0 
NS Boos. das vein oils swe teu edy 3.1 20 100 64 
ILL <i> «koe os 'ere y's Sa cees <a 3.3 20 100 82 
i aie ss Sua sewing en Secale 3.3 20 72 23 
SP Te eee | 6.6 20 95 93 
7-COOH-xanthopterin. ..................5. 5 20 62 62 
6-COOH-isoxanthopterin................... 7.5 | 20 23 43 
TCisxanthopterin..................2.0005 oh a 20 91 89 
6-CH;-isoxanthopterin..................... | 27 | 20 89 85 
RSE Sperone pereenre ey oo ee Vee 4if 
EE dsc Rlt vrdgn ss ae op 9) 4a ans x 0.ca | 3.2 20 | 34 26 
2,4-Diamino-6,7-dihydroxypteridine........ | 4 20 


76 56 





* Substrate concentration 6.3 X 10-° m, pH 8.5. 
t Inconsistent. 


little of the aldehyde is present. This amount is apparently too small 
to give a measurable inhibition after it has been altered by the enzyme 
treatment. It is unlikely that the remaining inhibition caused by folvite 
is caused by the altered aldehyde, since in that case it would be necessary 
to postulate the presence of an unreasonably high percentage of this 
compound. It is not impossible, therefore, that folvite contains another 


inhibitory substance in addition to the 6-aldehyde. The decrease in the 
inhibitory effect of pteroic acid following enzyme treatment also can be 
accounted for on the basis of the same 6-aldehyde. 
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Compounds which gave an appreciable decrease in inhibition following )  T 
incubation with the enzyme preparation, but in which the presence of the | tica 
6-aldehyde is not so readily postulated, are 2-amino-4-hydroxy-67. | and 
dihydroxypteridine (leucopterin) and 2,4-diamino-6 ,7-dihydroxypteridine. | _ tion 
Also xanthopterin, after treatment with the enzyme, has a lower inhibitory thes 

















power than the corresponding amount of leucopterin. 6-Carboxypterin I 
and 6-carboxy-7-hydroxypterin, on the other hand, often showed ap | xan 
tho 
TABLE II oth 
Influence of Ratio of Concentration of Substrate to Inhibitor on Inhibition of | gan 
Oxidation* of Xanthine (Xt) and of Xanthopterin (Xtp) by Pteridines ger 
The results are expressed in per cent. inh 
| Molarity inhibitor | po 
| —— an —— C01 
| 6.6 X 10° | 3.3 X 10-5 |1.3 X 10°F 3.3 X 10% 3.3 X 105 10-8 | gt dic 
Inhibitor | Substrate | se ! i! wie ] 
Ratio, molarity, substrate to inhibitor pH 
| rs] 3) s | » | @ | «Lorn 
|— el —— | @ 
Xanthopterin § Xt 91 80 59 40 ) ine 
Isoxanthop- Xt 96 91 84 63 xa 
terin _ Xtp 64 16 | th 
Leucopterin Xt 60 34 19 3 3 
| Xtp 13 0 an 
7-CH;-xanthop-| Xt 92 75 62 50 | | th 
terin | Xtp 24 6 | fr 
7-COOH-xan- Xt 88 64 52 | 
thopterin Xtp 15 | x 
6,7-Di-CH; | Xt 58 45 15 9 | ) 
pterin Xtp 3 i: ea (r 
6-CH:-isoxan- Xt 81 vo 6 Cm 4 th 
thopterin | Xtp 24 | o7 
Pterin-6-alde- | Xt 100 | 96 82 | #8 x 
hyde _ Xtp 100 | 71 46 3 | ‘. 
* pH 8.5. 
al 
increase in inhibitory power. The results with these two compounds were cl 
rather inconsistent, but this was not due to extreme lability. Old solu- | d 
tions of the compounds that had been standing for months in the refrigera- ¢ 
tor, during which time they had been exposed frequently to indirect light q 


for several minutes, showed practically the same inhibitory effect a8 } 4g 
freshly prepared solution, when this was determined under exactly the 

same conditions. As yet, no explanation can be given for the exceptional t 
behavior of the two 6 ,7-dihydroxy and the two 6-carboxy compounds when | 
treated with the crude enzyme preparation. | 








. 


owing 
of the 
v-6,7. 
ridine. 
bitory 
pterin 
od an 


S were 
1 solu- 
rigera- 
t light 
t as a 
ly the 
ytional 
3 when 








SS 





B. H. J. HOFSTEE 639 


The inhibitory power of the remaining compounds in Table I was prac- 
tically unchanged on incubation with an excess of the enzyme preparation 
and is characteristic for each of the pteridines. Under controlled condi- 
tions it can be used as a physical constant for identification. Therefore, 
these compounds were preferred for use in further experiments. 

Inhibition of Xanthopterin Oxidase by Pleridines—For experiments on 
xanthopterin oxidase, the same enzyme preparations were used as for 
those on xanthine oxidase, but in a 10 to 20 times larger amount. In all 
other respects measurements of the inhibition were carried out in the 
same manner as for xanthine oxidase. It was found (Table II) that in 
general the same compounds which inhibit the oxidation of xanthine also 
inhibit xanthopterin oxidase, although to a much lower degree at the same 
pH and the same molar concentration of substrate and inhibitor. Those 
compounds which showed the weakest inhibition for xanthine oxidase 
did not manifest any inhibition in this case under certain conditions of 
pH and substrate concentration. Since it was found (see previous section) 
that xanthopterin inhibits the oxidation of xanthine, the possibility of an 
inhibition of xanthopterin oxidase by xanthine was investigated. The 
increase in absorption at 330 mu in a cuvette containing 6.6 X 10m 
xanthopterin was compared with the increase in a cuvette to which xan- 
thine also was added in the same concentration. Because of the larger 
amount of enzyme used for determining xanthopterin oxidase activity, 
this amount of xanthine would normally have been oxidized during a 
fraction of the time of measurement if no xanthopterin were present. 
Under these circumstances, however, this reaction is inhibited to about 
90 percent. The rate of oxidation of xanthopterin was found to be slightly 
(not more than 10 per cent) lower than in the control. It was also lower 
than the rate in a cuvette in which the enzyme had been given time to 
oxidize the xanthine before xanthopterin was added, indicating that 
xanthine has a slight inhibitory effect on xanthopterin oxidase, but uric 
acid has none under the conditions of the experiment (see ‘‘Discussion”’). 

Influence of Substrate Concentration and pH on Inhibition—Table II 
shows that the extent of inhibition is entirely dependent on the substrate 
concentration. At a definite pH and concentration of the inhibitor, the 
degree of inhibition decreases as the concentration of the substrate in- 
creases. In some cases, when the xanthopterin oxidase activity was 
measured, no inhibition was observed if, on a molar basis, 10 times as 
much substrate as inhibitor was present. 

The inhibitory power also is strongly influenced by the pH. Isoxanthop- 
terin and most of the other inhibitors inhibit more strongly at pH 8.5 
than at pH 7.5, while 7-COOH-xanthopterin inhibits more strongly at the 
lower pH (see “‘Discussion”). Some of the data on the influence of the 


_ . 
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pH on the inhibition (per cent) are given below. These data were ob. 





























; inhi 
tained with a substrate (xanthine) concentration of 6.6 X 10° M, while ease 
the inhibitor was present in a concentration of 3.3 X 10M. seq 

’ eeachanii | of 3 

hi Baan 00 opterin sa 7-COOH-xanthopterin — tion 
pH 7.5 | pH 8.5 | pH 7.5 pH 8.5 of 1 

_ _ 
58 | 91 | 74 64 sh 
= | ae 
Changes in the pH had the same relative effect on the extent of inhibition | oth 
when xanthopterin was used as the substrate. | rate 


Evidence for Identity of Xanthine and Xanthopterin Oxidases—As men. | ten 
tioned above, all enzyme preparations, whether derived from cream or | was 
whey and including the most purified (enzyme IT), exhibit xanthopterin | am 
oxidase as well as xanthine oxidase activity. When the activity of dif. | bee 
ferent preparations was determined under the same conditions of pH | ‘eu 
and substrate concentration, the ratio of xanthine to xanthopterin oxidase | inh 
activity (expressed as moles oxidized by a certain amount of enzyme pe | ing 
unit time) was practically the same. At low substrate concentrations | ten 
this ratio tended to be higher in less purified preparations. By using 
the enzyme in low concentration and increasing the amount of substrate, | 
this ratio could be brought back to approximately that of the more purified 1 
preparations. This procedure makes the influence of impurities on the | 3 
two reactions more comparable, since in the case of xanthopterin 20 times | inh 
as much enzyme are used as when xanthine is the substrate. The value | the 
of the ratio evidently depends on the pH, since the two activities are in- | md 
fluenced differently by the pH. For instance, at pH 8.5 and a substrate } pte 
concentration of 6.4 X 10-° M, this value is 20 to 25, while, at pH 7.5and | pel 


a substrate concentration of 1.6 X 10-* M, it is only about 10. the 
Partial heat inactivation of enzyme I or of enzyme III by heating4 | ™ 
minutes at 60° decreased both activities 30 to 35 per cent. the 


When enzyme I is treated with H,O2 in 10-? mM concentration for 15 min | 
utes at room temperature before the dilutions for measuring the activities } of 
are made, the activity is decreased in both cases to about 30 per cent.’ Xs 

The pteridines used inhibit xanthopterin oxidase as well as xanthine | @ 
oxidase activity. At the same pH the sequence of inhibitory power is Al 
independent of the substrate used (Table II), although the extent of | 


of 

* No definite conclusions could be drawn from experiments on the inactivation th 
by HCN (6, 7) and by p-chloromercuribenzoate, on account of the interaction of 
these compounds with the substrates. For instance, a solution of xanthopterin o 


formed a yellow color when treated with HCN, and at higher concentrations a red- 
dish precipitate settled. Glutathione ‘‘inhibits” the oxidation of xanthopteria, th 
presumably because it reduces this compound to dihydroxanthopterin (8). af 








| : 


re Ob. 
while 


——.. 


ibition 


$ men- 
am or 
ypterin 
of dif- 
of pH 
xidase 
me per 
rations 

using 
strate, 
urified 
on the 
) times 
» value 
are il- 
bstrate 
’ 5 and 


iting 4 


5 min- 
tivities 
ent.? 

unthine 
ywer is 
tent of 


tivation 
ction of 
1opterin 
is a red- 
opteria, 





| 


' 
| 


i 











B. H. J. HOFSTEE 641 


inhibition of the oxidation of xanthopterin is always lower than in the 
ease of xanthine (see “‘Discussion”’). Leucopterin is an exception in this 
sequence, since it has a relatively higher inhibitory effect on the oxidation 
of xanthopterin. Leucopterin, however, takes part in the enzymic reac- 
tion only when xanthopterin is the substrate. Therefore, its inhibition 
of the oxidation of xanthopterin cannot be compared to its inhibition 
of the oxidation of xanthine. Although in the control cuvette to which 
no inhibitor is added as much leucopterin is formed as in the case of the 
other inhibitors of the oxidation of xanthopterin, no decrease in reaction 
rate was observed during the time of measurement of uninhibited xanthop- 
erin oxidase activity; this indicates that the amount of leucopterin formed 
was apparently too small to cause a significant inhibition. This small 
amount, nevertheless, may exert a measurable influence if leucopterin has 
been added to the reaction mixture previously, since the inhibition by 
leucopterin increases rapidly with its concentration (see Table II). Other 
inhibitors cannot influence the inhibitory effect of leucopterin formed dur- 
ing the reaction, since they do not participate in the equilibrium of leucop- 
terin with the enzyme. 


DISCUSSION 


The fact that under all experimental conditions the extent of inhibition 
is influenced by the substrate concentration (Table II) indicates that this 
inhibition is brought about by competition between the pteridines and 
the substrate for combination with the active centers on the enzyme 
molecule. This may be due to similarity in structure of the purine and the 
pteridine ring system. The degree of inhibition, therefore, would be de- 
pendent upon the relative affinity of the substrate and of the inhibitor for 
theenzyme. On the basis of the evidence for the identity of xanthine and 
xanthopterin oxidases and in view of the fact that xanthopterin inhibits 
the oxidation of xanthine to 90 per cent when present in equimolar con- 
centration (Table II), it would follow that 90 per cent of the active centers 
of the enzyme will be occupied by xanthopterin and 10 per cent by xanthine. 
Xanthine, therefore, would inhibit the oxidation of xanthopterin to 10 per 
cent, which is in agreement with the results obtained experimentally. 
Also, the fact that the inhibitory power of all the inhibitors at both pH 
values is lower when xanthopterin is used as the substrate than in the case 
of xanthine merely indicates that xanthopterin has a higher affinity for 
the enzyme than has xanthine at pH 7.5, as well as at pH 8.5, and, there- 
fore, is more difficu't to displace by the inhibitor than is xanthine. 

All the pteridines in Table II inhibit the oxidation of xanthine to more 
than 50 per cent in equimolar concentration and, therefore, have a greater 
liinity for the enzyme than xanthine. Most of these compounds are 
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not attacked by the enzyme and the ones that are oxidized (xanthopterip 
and possibly the 6-aldehyde) show a much lower rate of oxidation than 
xanthine. The affinity for the enzyme, therefore, does not seem to be 
determined in the first place by groupings in the molecule that can be 
attacked. The first factor determining such affinity is probably the 
general shape of the molecule. The only pterins tested which did not 
inhibit the enzyme, in concentrations at which the other compounds showed 
strong inhibition, were folic acid and its 4-amino analogue, ‘“aminopterin,” 
The long side chain of these compounds apparently alters the properties of 
the molecule to such an extent that it no longer “fits” into the particular 
pattern on the surface of the enzyme molecule. 

On the other hand, the affinity for the enzyme at a definite pH is not 
the first factor determining which substrate will be attacked at the highest 
rate. Although the affinity of xanthopterin for the enzyme is higher 
than that of xanthine, still xanthine is oxidized at a rate up to 25 times 
as high as xanthopterin. Apparently the inherent tendency of xanthine 
to be oxidized to uric acid is higher than that of xanthopterin to be oxidized 
to leucopterin, and the enzyme as a catalyst merely increases the rate of a 
reaction which potentially could take place without the enzyme. 

Xanthine has a higher affinity for the enzyme at pH 7.5 than at 8.5; 
nevertheless it is oxidized at a higher rate at pH 8.5. On the basis of the 
same reasoning, this would mean that the oxidation of xanthine to uric 
acid, also non-enzymically, would proceed more readily at pH 8.5 than at 
pH 7.5. 

In cases in which no alteration of the general shape of the molecule 
exists, differences in inhibitory power of the pteridines must be caused 
by other factors which influence the affinity for the enzyme. 

All pteridines used are amphoteric to a greater or lesser extent (8), but 
significant differences in their respective pK, and pKy values are demon- 
strable. Unfortunately, very little is known about such values, although 
it has been established, for instance, that isoxanthopterin is significantly 
less basic than xanthopterin, while leucopterin is predominantly acid.’ 
In view of the fact that the inhibitory power of the pteridines is strongly 
influenced by the pH, the possibility arises that the affinity for the enzyme 
and, therefore, the inhibitory power of the compound is determined to 4 
great extent by such pK values. At a certain pH the acid and basic groups 
of one pteridine will be ionized to a different degree from those of another. 
By assuming that combination with the enzyme takes place by means 0! 
such acid and basic groups in the pteridines combining with basic and 


? Determination of such values was attempted with some of the compounds of 
which the quantity available permitted establishing a titration curve. Low s0lu- 
bility, however, especially at the lower pH values, interfered with obtaining accurate 
results. 
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acid groups in the protein, it would be clear that the stability of such com- 
bination would depend entirely on the relative pK values of the four 
groups involved. 

Significant in this respect may be the finding that, when the 4-OH group 
in leucopterin is replaced by an amino group, a compound is obtained which 
has a higher inhibitory power than leucopterin (at pH 8.5). Such sub- 
stitution would make the acid and basic groups of leucopterin more bal- 
anced. On the other hand, when the same substitution is made in the 
corresponding 6,7-dimethylpterin, the inhibitory power decreases, pre- 
sumably because almost no acidity is left after such substitution. 

This enzyme, with its variety of substrates and inhibitors, seems to be 
especially suited for studies on interactions of all these compounds with 
the enzyme as a protein. Relatively small differences in affinity for the 
enzyme can be measured accurately and such studies might give information 
as to the configuration of groupings on the protein as well as to the mecha- 
nism of the enzyme reaction. 


The author is deeply indebted to Dr. A. D. Welch for his constant 
interest during the course of this investigation. 


SUMMARY 


1. The inhibition of the enzymic oxidation of xanthine and xanthopterin 
by several pteridines has been investigated. 

2. The results of these experiments together with many other points 
of evidence indicate that these oxidations are brought about by the same 
enzyme. 

3. The inhibition is caused by competition of the pteridines with the 
substrate for combining with the enzyme. 

4. The presence of a group which can be oxidized by the enzyme is not 
the first factor determining the affinity of the pteridine for the enzyme. 

5. The extent of inhibition is greatly influenced by the pH, and the 
possibility of a correlation between pK values and inhibitory power has 


been discussed. 
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THERMAL COAGULATION OF SERUM PROTEINS 


I. THE EFFECTS OF IODOACETATE, IODOACETAMIDE, AND THIOL 
COMPOUNDS ON COAGULATION* 


By CHARLES HUGGINS anp ELWOOD V. JENSEN 
(From the Departments of Surgery and Chemistry, University of Chicago, Chicago) 


(Received for publication, December 13, 1948) 


In the course of studies of the effect of heat on the proteins of human 
serum it was observed that, at pH 7.4, minute amounts of sodium iodo- 
acetate completely prevented thermal coagulation, while traces of mercap- 
tans markedly enhanced the coagulation. The present paper is an analysis 
of these observations. 

The thermal coagulation of a protein, such as egg albumin, has been 
postulated (1) to consist of two processes, the denaturation reaction be- 
tween the protein and hot water, followed by the agglutination of the 
altered protein in particulate form. From x-ray diffraction studies (2) it 
has been demonstrated that denaturation of proteins involves liberation or 
generation of peptide chains which aggregate on coagulation into parallel 
bundles. This over-all physical change is affected by many factors includ- 
ing pH (8, 4) and the concentration (5) and nature (6, 7) of electrolytes in 
the solution. 

A number of substances prevent thermal coagulation of proteins, such 
as concentrated thiocyanate and iodide (6), germanin (8), certain sugars 
in concentrated solution (9, 10), thymus nucleate (11), and certain fatty 
acids and detergents (12, 13). However, the only agents which inhibit 
coagulation in the low concentration range in which iodoacetate is active 
are detergents and thymus nucleate, and the inhibitory effect of the latter 
substance, unlike that of iodoacetate, is abolished by relatively low con- 
centrations of sodium chloride (11). 

Because of implications in pathology (14) most of the experiments de- 
scribed in this paper were carried out with normal human serum in order to 
secure data on this intact system. However, the principal effects were 
also observed when solutions of crystallized bovine plasma albumin, crys- 
tallized egg albumin, and human serum albumin were employed; pre- 
liminary experiments with these simpler systems, which bear on the mech- 
anism of the phenomenon, are included. 


* This investigation was aided by grants from Mr. Ben May, Mobile, Alabama, 
from the Daisy Schwimmer Fund, and from the American Cancer Society, recom- 
mended by the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 
Method 


Unless otherwise stated, results refer to the standard coagulation test 
wherein serum or protein solution was diluted to a final volume of 1.5 ml. 
with M/15 phosphate buffer (pH 7.4) and the mixture heated in a Kahn 
tube (1.2 X 10 cm.) immersed in a bath of vigorously boiling water. Sub- 
stances whose effect on coagulation were to be tested were brought to pH 
7.4 (phenolsulfonephthalein indicator) with 1 N sodium hydroxide or hydro- 
chloric acid and then dissolved in appropriate concentration in the phos- 
phate buffer. The time of coagulation and the physical state at the end 
of testing were noted. Coagulation was defined as solidification (clot) or 
as a viscous liquid condition (gel) as contrasted with more fluid states. All 
solutions were freshly prepared before use and organic chemicals were re- 
crystallized before being tested. pH was determined with a glass electrode 
on duplicate samples; the values are expressed as obtained at room tem- 
perature. 

Pooled human serum, filtered to remove cells and coagula, was used. 
All of the serum pools contained 32.5 to 35.5 mg. of total protein per 0.5 ml. 
as determined by standard Kjeldahl methods. The serum was “‘standard- 
ized” against iodoacetate; standard serum was defined as that which, in 
the test described, coagulated in the presence of 3 to 4.5 um of iodoacetate 
but remained liquid when 6 um or more of iodoacetate were present. Sub- 
standard serum was never obtained from healthy individuals. Standard 
serum in the control tubes always coagulated in 10 to 12 minutes. 

In certain experiments, crystallized bovine plasma albumin (Armour) 
was dissolved in 0.15 n sodium chloride and brought to pH 7.4 with a few 
drops of dilute sodium hydroxide; 0.5 ml. contained 35 mg. of albumin. 
Human serum albumin, prepared by the method of Pillemer and Hutchin- 
son (15), was similarly employed in concentrations of 44 mg. per 0.5 ml. 
Crystalline egg albumin (Armour) was dissolved in phosphate buffer (pH 
7.4); 0.5 ml. contained 100 mg. 


Results 
Effects of pH on Thermal Coagulation of Serum 


Practically all the experiments reported in this paper were carried out 
at pH 7.4. When systems of serum diluted 1:3 with buffer solution are 
heated, opaque firm clots form if the pH is between 6.6 and 8.1. At pH 
4.7 to 6.4 a flocculent curdy precipitate is formed without the appearance 
of a solid clot. At pH 3.4 to 4.1 translucent clots are formed, the clot 
being less firm in a system whose pH is below 3.8. At pH 1.7 and at pi 
10.0 no coagulation occurs. 
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Inhibition of Coagulation by Halogenated Acetates 


At pH 3.4 and 5.4, iodoacetic acid in amounts up to 60 um per 0.5 ml. of 
serum had no effect on the thermal coagulation of serum, a translucent clot 
forming in the former case and a curdy precipitate in the latter. At pH 


10 4 1 q 










JODOACETATE, 10M. EQ. 
+ 
CYSTEINE, 5M. EQ. 


B, IODOACETATE, 5M. EQ. * 
+ 
CYSTEINE, 5M. EQ. 











lIODOACETATE 
+ 
AMINOACETATE 


D 4 
\ODOACETATE 
i I | 


1 10 20 30 
MINUTES 
Fic. 1. Rates of reaction of iodoacetate at 98°. The ordinates represent milli- 
equivalents of sodium hydroxide required to keep the reaction at pH 7 to 8. The 
curves represent the reaction as follows: Curve A, iodoacetate (10 m.eq.) and cysteine 
(5m.eq.); Curve B, iodoacetate (5 m.eq.) and cysteine (5 m.eq.); Curve C, iodoacetate 
and aminoacetate (each 5 m.eq.); Curve D, iodoacetate (10 m.eq.). The curve for 
the reaction of iodoacetamide (10 m.eq.) with cysteine (5 m.eq.) is practically identi- 


cal with Curve A. * signifies a negative nitroprusside test for —SH; A, a positive 
test. 


SODIUM HYDROXIDE MILLIEQUIVALENTS 
ul 








7.4 the results were quite different in that small amounts of iodoacetate! 
completely prevented coagulation. 

In the standard test, coagulation of serum occurred in the presence of 
3 um of iodoacetate but was abolished by 6 to 60 um (Table I); the latter 
tubes were boiled for more than 2 hours without solidification or gel forma- 


‘A solution of iodoacetic acid neutralized with sodium hydroxide and dissolved 
in phosphate buffer (pH 7.4) will be referred to throughout this paper as iodoacetate. 
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tion. With small amounts of iodoacetate (6 to 12 uM) a little turbidity was 
usually present, while with larger amounts the liquid remained clear. 
With increasing electrolyte concentrations, increasing amounts of jodo- 
acetate were required to prevent coagulation. For example, when 1509 
uM of sodium chloride were added in the coagulation test, complete inhibj- 
tion required 125 yum of iodoacetate. Potassium chloride and sodium aee. 
tate had the same effect quantitatively as sodium chloride. 

The ability of other halogenated acetates to inhibit coagulation was com- 
pared under similar conditions. In the standard test, the following 


TABLE I 
Effect of Mercaptans and Iodinated Compounds on Serum Coagulation 


0.5 ml. of serum plus reagent in 1.0 ml. of m/15 phosphate buffer (pH 7.4) wag 
heated at 100°. 





























Micromoles of added compound 
Compound added 0 [0.3] 06 | 09 | 1.5 3 | 6 | 9 | 15 | x0 | @ 
Time of coagulation ae iaert 
min. min.| min. min. min.| min. | min. | min. | min | ole, | min 
ee, ee 11 110 | 8.5) 6 | 5 | 4/ 2.5] 1.5 | 4 
2,3-Dimercaptopropanol.. .{11 | 9/9 |6/2;1; 1 | 0.5| 0.5 
Propyl mercaptan......... (11 | a 
Sodium sulfhydrate.......|11 ™ 4 | | 
a | 
Iodoacetate...............|11 |11 19 [30 |45 190 | No | No | No | No | No 
Eg] | | clot | clot | clot | clot | clot 
Methyl iodoacetate......./10 A eS | 
Iodoacetamide............ 10 }) | 8)5) 3 | rea 1% 
ed wy | | 16 | § | 3 
a-lodopropionate........./10 | | | 112 | 112 | 12 8 
B-Iodopropionate.........|10 | L 429 | 24 30 4 
Allyl iodide............... 10 | | | 9] + | 9 | 
re 10} | | | 104 | 10 | 10 








amounts of inhibitor were required to prevent coagulation completely: 
iodoacetate 6 uM, bromoacetate 12 um, chloroacetate 30 ym. Fluoro- 
acetate did not inhibit heat coagulation of serum. 

Iodoacetate prevents the thermal coagulation of solutions of crystallized 
proteins in a manner quite similar to its effect on whole serum. When 4 
solution of human serum albumin or crystallized bovine plasma albumin 
was used, replacing serum in the standard test, dense coagula formed in 
presence of 1 to 3 um of iodoacetate; larger amounts completely prevented 
coagulation and opacity. A 20 per cent solution of crystalline egg albumin 
coagulated in the presence of 3 to 18 um of iodoacetate; 30 um completely 
prevented coagulation and turbidity formation. 
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The time required for iodoacetate to react with the serum protein was 
studied by means of the “quenching” action of an excess amount of cys- 
teine. The reaction between thiol compounds and iodoacetate (Fig. 1) 
at 100° and pH 7.4 is extremely rapid;? so that addition, at any time, of 
an excess of cysteine blocks any further action of iodoacetate on the pro- 
tein. A set of tubes containing serum, buffer, and iodoacetate sufficient 
to prevent clotting completely was heated at 100° and an excess of cys- 
teine added to the different tubes at varying time intervals. The results, 
given in Table II, show that, at the concentrations employed, the reac- 
tion of iodoacetate with serum to prevent coagulation requires about 15 
minutes and that, when once this reaction has occurred, cysteine is un- 
able to reverse it. 


TaBLeE II 


Rate of Reaction of Iodoacetate with Active Groups in Serum 


Tubes containing serum (0.4 ml.) plus iodoacetate (15 um) in phosphate buffer 
(0.6 ml.), pH 7.4, were immersed in a bath held at 100°. Cysteine (30 um) in buffer 
(0.5 ml.) was added after various intervals and the time of coagulation was recorded. 





Time of adding cysteine | Time of eget = Nga cysteine 
| 
nck ana aieetonen |—_—___—_—- waite 
min 
RSS oo hs 0 Nn 0 ne Lag so ee MR aed 2 
MS a is Se OU LE ace oe ew 1.5 
fe ae 2s Sh Alte oR ae ae es ee, BA eee: 4.5 
8) ree 5 ais “g 5g Sib eR wie Sa tele hie s Sele eee 75 
“ 20 “cc 





The reaction of iodoacetate with serum proteins can take place to a con- 
siderable extent with native proteins at room temperature. Serum was 
treated with iodoacetate (60 um per 0.5 ml. of serum) at room temperature, 
and, after 24 hours, the excess iodoacetate was removed by dialysis. This 
treated serum showed a greatly decreased ability to coagulate as compared 
to control serum treated in an analogous manner with sodium acetate. 
The inhibition was not due merely to adsorbed iodoacetate which dialysis 
failed to remove, since addition of cysteine in the coagulation test of the 
iodoacetate-treated serum did not abolish the inhibition. 


? At 98° and pH 7 to 8, 0.2 m iodoacetate was found to react completely with the. 
sulfhydryl groups of 0.1 m cysteine in less than 1 minute; the reaction with the amino 
groups occurred much more slowly, being complete in about 30 minutes (Fig. 1). 
The reaction of iodoacetamide with cysteine was entirely comparable in rate to that 
of iodoacetate. The results were obtained by measuring the liberation of acid (HI) 
and the disappearance of a positive nitroprusside test for sulfhydry] groups. 
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Although iodoacetate exerts a profound effect on thermal coagulation of 
serum proteins, it does not prevent precipitation by other means. Stand. 
ard tests containing 30 um of iodoacetate were boiled for 30 minutes; all 
of the solutions were liquid and clear. To the various tubes there were 
then added 5 ml. respectively of acetone, 22 per cent sodium sulfate, and 
concentrated nitric acid; a copious precipitate formed in all cases. 


Effect of Other Iodinated Compounds 


In view of the remarkable inhibition of protein coagulation shown by 
iodoacetate, a number of other iodinated compounds were investigated; 
some of these resemble iodoacetate in the reactivity of the iodine atom 
(Table I). In sharp contrast to iodoacetate, all of these substances were 
either inert or promoted coagulation, with the exception of 8-iodopropio- 
nate which inhibited very slightly in a narrow concentration range but 
promoted coagulation at higher concentrations. In order to give greater 
opportunity for iodoacetamide to penetrate the protein molecule, 30 um of 
this compound were added to the standard test and the mixture was in- 
cubated for 24 hours at 37° before being placed in the boiling water bath; 
the coagulation results were unaltered by this treatment. 

Similar differences in the action of iodoacetamide from that of iodoace- 
tate were observed with solutions of crystallized bovine plasma albumin. 
Iodoacetate completely blocked coagulation, while iodoacetamide markedly 
enhanced the formation of a firm clot. In the presence of either agent, 
the opacity usually accompanying the heating of albumin solutions at pH 
7.4 was absent; the tube with iodoacetate contained a clear liquid, while 
the tube with iodoacetamide contained a clear firm clot. Addition of cys- 
teine to the control tube noticeably increased the turbidity of that clot. 
These results suggest that, although iodoacetate and iodoacetamide differ 
in their effect on clot formation, they react similarly to prevent turbidity 
formation. 

Differences in the effect of iodoacetate and iodoacetamide on the thermal 
coagulation of proteins, as well as the involvement of sulfhydryl groups in 
the formation of opacity, are shown by an experiment in which portions of 
crystalline bovine plasma albumin were first treated at room temperature 
with iodoacetate or iodoacetamide. The excess reagent was then removed 
by dialysis and the behavior of these treated proteins was studied in the 
coagulation test (Table III). Albumin previously treated with iodoace- 
tate formed neither a clot nor turbidity on heating. Albumin treated with 
iodoacetamide coagulated rapidly on heating but formed no turbidity. 
The addition of iodoacetate in the coagulation test of the iodoacetamide- 
treated protein caused some retardation of coagulation but did not abolish 
coagulation as it did in the controls. Addition of cysteine to the coagula- 
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tion tests of either the iodoacetate- or iodoacetamide-treated proteins re- 
sulted in opacity of the system. 


Enhancement of Thermal Coagulation by Thiol Compounds 


Substances containing sulfhydryl groups accelerate the coagulation of 
serum and protein solutions. Increasing amounts of cysteine up to 15 um 
per standard test markedly decreased the time of coagulation, while 2,3- 
dimercaptopropanol was even more effective (Table I). In addition to 
hastening the coagulation of serum, sulfhydryl compounds caused coagula- 


TasB.e III 
Coagulation of Iodoacetate and Iodoacetamide-Treated Albumin 


250 mg. portions of crystallized bovine plasma albumin in 5 ml. of phosphate 
buffer (pH 7.4) were treated with either 1000 um of sodium acetate or iodoacetate, or 
iodoacetamide. After standing at 4° for 48 hours the reaction mixtures were di- 
alyzed against distilled water (3 days at 4°) and lyophylized. Solutions (in 0.15 n 
saline) of treated protein containing 35 mg. per 0.5 ml. were studied in the standard 
coagulation test. 


Added reagent in co- | 








Protein used | a | Time for coagulation | ‘cous —_ heating 
uM 
| | min. 
Control (acetate- | None | 4 Opaque solid 
treated) | Todoacetate ' Noclotin15 | Clear liquid 
| Iodoacetamide 2 “ solid 
Cysteine a | Very opaque solid 
lodoacetate - | None | Noclotin15 | Clear liquid 
treated | Todoacetamide | “ “™ “15 | - - 
| Cysteine sds) Puls} Cloudy “ 
Iodoacetamide- ' None 3 Clear solid 
treated | Todoacetate | i “3 - 
| Cysteine | 5b _ Opaque solid 





tion in concentrations of serum so dilute that clotting was not otherwise 
detectable. Cysteine (30 um) caused serum to clot when the final serum 
concentration was 10 per cent; in control tubes with sodium chloride (30 


4M) replacing cysteine, coagulation did not occur in concentrations of 


serum weaker than 20 per cent. 

The inhibition of thermal coagulation of serum by alkyl sulfonates can 
be neutralized with cysteine. Thus, in the standard test, the inhibitory 
effect of 6 um of sodium dodecyl sulfate was overcome by 1.5 um of cysteine, 
of 12 um by 27 um of cysteine, and of 18 um by 72 uM of cysteine. 24 um 
of sodium dodecy] sulfate inhibited coagulation regardless of the quantity 
of added cysteine. 
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Effects of Other Reagents on Thermal Coagulation of Serum 


The effects of a variety of compounds on the thermal coagulation of 
serum were investigated. The ability to promote coagulation in low con. 
centration is not a unique property of sulfhydryl compounds but was 
observed with salts of heavy metals (mercuric chloride, p-chloromercuriben- 
zoate, cuprous chloride, cadmium chloride) and iodoacetamide, compounds 
which are generally accepted as being able to combine with sulfhydry] 
groups in proteins (16). Reducing agents (hydroquinone, sodium ascor- 
bate, sodium sulfite, and sodium hydrosulfite) and oxidizing agents (potas. 
sium iodate, potassium ferricyanide, potassium persulfate, potassium per- 
manganate, and cumene hydroperoxide) in general promoted coagulation 
but were somewhat less active than sulfhydryl compounds or heavy metal 
salts. Salts with no oxidizing or reducing properties were essentially inert 
in amounts up to 60 uM per standard test; at higher concentrations these 
electrolytes all promoted coagulation. Alanine, methionine, glucose, and 
urea were practically inert in low concentrations, although large amounts 
(1500 um) of the last two compounds inhibited coagulation. 

N-Bromosuccinimide, N-chlorosuccinimide, and sodium dodecyl sulfate 
strongly inhibit coagulation when present in amounts of 15 um or more, 
although the former compounds strongly enhance coagulation when present 
in very low concentration (1.5 to 3 uM). 


DISCUSSION 


Iodoacetate and iodoacetamide differ greatly in their effect on the coagu- 
lation of serum proteins by heat at pH 7.4; the former compound strongly 
inhibits coagulation, while the latter enhances it. However, both com- 
pounds react with serum proteins at room temperature and at 100° and 
both inhibit the formation of turbidity during the coagulation test. 
Groups in proteins which are known to react with both iodoacetate and 
iodoacetamide are amino and sulfhydryl groups (17-23); essentially no 
differences were observed in the rates of reaction of iodoacetate and iodo- 
acetamide with the model compound cysteine at 98° and pH 7.4 (Fig. 1); 
at room temperature iodoacetamide is reported to react slightly faster 
than iodoacetate (21). 
pre — HI + RSCH,COOH 


RSH + 
\ICH:,CONH, — HI + RSCH.CONH, 


ICH.COOH — HI + RNHCH,COOH — RN(CH,COOH), 
RNH, + 
ICH,CONH, — HI + RNHCH,CONH, — RN(CH:CONH:)): 
The fact that albumin previously treated with iodoacetamide is no longet 
prevented from coagulating by the usual concentrations of iodoacetate 
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further indicates that both compounds react with the same groups in the 
protein. Therefore the difference in their effects seems to be associated 
with the carboxyl end of the iodoacetic acid molecule. 

The modified protein, formed by the reaction of iodoacetate with its 
gmino and sulfhydryl groups, would contain a number of additional 
carboxy! groups which at pH 7.4 would exist chiefly in the forms of anions. 
The result is an increase in the net negative charge, an effect not unlike 
that caused by an increase in pH of the system; it is known that at high 
pH values heat denaturation of albumin does not lead to coagulation. 
In all probability the mutually repulsive forces of the negatively charged 
groups prevent close association and agglutination of the denatured pro- 
tein. Iodoacetamide, although it can react with amino and sulfhydryl 
groups in the protein, does not introduce new centers of negative charge 
and therefore does not inhibit coagulation. 

There are other instances known in which iodoacetate and iodoacetamide 
differ in their action on proteins. The fermentation of glucose by yeast 
extracts is inhibited much more by iodoacetate than by iodoacetamide 
(21); yet the inhibitory effects of these substances on crystalline urease is in 
the opposite order (24, 25). The explanation of these effects has been 
merely speculative and must remain so until the reaction products have 
been isolated. 

The activity of the various halogenated acetates in blocking coagulation 


| isin line with the reactivity of the halogen atom in the compound, as is 


shown by the. relative reaction rates with thioglycolic acid. In these 


| reactions at 20°, Hellstrém (26) found that the relative velocity constants 


of iodoacetate, bromoacetate, and chloroacetate were 300, 120, and 1 
respectively. 

The rdle of sulfhydryl groups in the thermal coagulation of serum proteins 
(at pH 7.4) is at present obscure, although there seems to be a definite 
correlation between the presence of sulfhydryl groups and turbidity forma- 
tion. The marked enhancement of clot formation by added sulfhydryl 
compounds is not specific but is shown by compounds capable of binding 
sulfhydryl groups, such as heavy metal salts and iodoacetamide, and also 
by certain oxidizing and reducing agents. 


SUMMARY 


l. At pH 7.4, low concentrations of iodoacetate, bromoacetate, and 


| chloroacetate ions, in order of decreasing effectiveness, inhibit thermal 


coagulation of human serum, crystallized bovine plasma albumin, and egg 
albumin irreversibly. At pH 3.5 iodoacetic acid does not block coagulation. 

2. Substances closely related to iodoacetate, such as methyl iodoacetate, 
iodoacetamide, and iodoacetone, accelerate rather than inhibit coagulation. 
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However, both iodoacetate and iodoacetamide inhibit turbidity formation 
in heated serum and protein solutions. 

3. The inhibitory effect of iodoacetate on thermal coagulation at pH 74 
is postulated as being due to the introduction of centers of negative charge 
(carboxyl groups) by reaction with the sulfhydryl and amino groups of the 
protein molecule. 

4. Low concentrations of thiol compounds, heavy metal salts, and certain 
oxidizing and reducing agents markedly accelerate thermal coagulation 
of serum proteins. 
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THE MOLECULAR SIZE AND SHAPE OF THE 
PANCREATIC PROTEASES 


]. SEDIMENTATION STUDIES ON CHYMOTRYPSINOGEN AND ON a- AND 
y-CHYMOTRYPSIN 


By GEORGE W. SCHWERT 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, December 27, 1948) 


Although trypsin, a-, 8-, and y-chymotrypsin, and their inactive pre- 
cursors were obtained in crystalline form by Kunitz and Northrop (1) and 
by Kunitz (2) more than 10 years ago, detailed molecular-kinetic charac- 
terization of these substances is lacking. The present experiments have 
been undertaken as part of a comprehensive investigation of the proteo- 
lytic enzymes of the pancreas which will include a physicochemical study 
of the reversible denaturation of some of these proteins. This paper con- 
stitutes the first part of a project which will include characterization of 
these proteins by means of sedimentation, diffusion, and viscometric 
measurements. 


EXPERIMENTAL 


Proteins—The materials used for these analyses were prepared according 


| tothe procedures of Kunitz and Northrop (1) and of Kunitz (2). 


(1948). 


Two samples of chymotrypsinogen were used. One of these (ChTg V) 
was recrystallized eight times from ammonium sulfate and was then dia- 


| lyzed free of salt against 0.001 N HCI. This solution was concentrated by 


pervaporation to a concentration of about 8 per cent, and one portion was 
used as a stock solution for most of these measurements, while the remain- 


, der was lyophilized. As reported by Jacobsen (3), the stock solution was 


found to be stable in the cold for several weeks. In the last portion of this 
solution used for these measurements, well formed crystals appeared when 


_ the solution was warmed to room temperature. The second preparation 


of chymotrypsinogen (ChTg IV) was recrystallized six times from ammo- 
nium sulfate and was then crystallized twice from magnesium sulfate. 
These crystals were dried to a powder under the coils of a mechanical re- 
frigerator. 


Two preparations of once recrystallized a-chymotrypsin were studied. 


_ Of these one (ChT I) was dialyzed free of salt against 0.001 n HCl and 





_ waslyophilized, whereas the other (ChT IV) was washed free of ammonium 


sulfate with saturated magnesium sulfate in 0.01 N sulfuric acid and was 
dried under the coils of a refrigerator. 
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One sample of y-chymotrypsin was prepared from the filtrates of two o. 
chymotrypsin preparations. Part of this preparation was dialyzed free of 
salt and was lyophilized for these determinations. we 

The activity of ChT IV and of the preparation of y-chymotrypsin has wi 
been reported in other publications (4-6). Of 

Buffers—Sedimentation constants were determined in 0.18 m NaCl soly- 


tions containing buffer salts sufficient to bring the ionic strength to 02 K; 
Acetate buffers were used for pH 3.86 and 4.99 and phosphate for pH 6.20 we 
One run was made in acetate buffer of pH 4.98 which contained 0.02 y vi 


sodium acetate and 0.48 mM NaCl. The pH of the buffers was determined th 
with a Beckman model G pH meter and was found to remain essentially 
constant at all protein concentrations studied. 

Methods—The sedimentation analyses were performed with the electri- 
cally driven model E ultracentrifuge built by the Specialized Instruments 
Corporation. The rotor, supplied by the same source, was of the type 
described by Bauer and Pickels (7) except that the chuck was replaced by 
a threaded coupling and the lower rotor stem was eliminated. 

Most runs were made at a speed of 59,780 r.p.M. The rotation rate was 
checked frequently by means of a reduced speed counter attached to the 
drive and in all cases the mean speed over a 30 minute period was within 
50 r.p.M. of the indicated speed. This error is probably the limit of error 
in reading the counter. Speed variations over a shorter interval were of 
the order of +100 R.P.M. 

The rotor temperature was measured at the beginning and end of each | 
run with a contact thermocouple. The temperature rise per hour at 59,780 
R.P.M. was less than 0.6°. The pressure in the vacuum chamber was of the 
order of 0.2 1 for each run. Although most runs were made at room tem- 


perature, the vacuum chamber was refrigerated during acceleration and ra 
for about two-thirds of the duration of each run. Refrigeration was dis att 
continued after this interval to avoid undue cooling of the rotor when ait 0.2 
was readmitted to the vacuum chamber. | 

Boundary positions were recorded by means of the Philpot-Svensson opti- | 
val system (8) with the automatic camera supplied with the instrument. Ul 
The exposure interval was 8, 16, or 32 minutes. The light source in this 
instrument is a water-cooled type A-H6 mercury arc. Eastman spectro- aD 
scopic plates, type I-D, were used with a Kodak No. 16 Wratten filter. 

Since the boundaries obtained with all of these materials were highly 
symmetrical (Fig. 3), boundary displacements were measured to the maxt- ( 
mum ordinate of the Philpot-Svensson photograph. Values of 8's were she 
determined by the method of Oncley (9).! to 

1 The symbols used throughout this paper are those standardized by Svedberg | : 


and Pedersen (7). | ma 
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The densities and relative viscosities of appropriate dilutions with 0.001 
x HCl of the buffers used with the stock solution of chymotrypsinogen 
were determined experimentally and were found to give good agreement 
with interpolations of the data presented by Svedberg and Pedersen (7). 
Other viscosity and density data were taken directly from this reference. 

Chymotrypsinogen concentrations were determined by the semimicro- 
Kjeldahl method. a-Chymotrypsin and y-chymotrypsin concentrations 
were determined photometrically at the wave-length of maximum ultra- 
violet absorption by the method of Kunitz (10). The reference data for 
this method were supplied by semimicro-Kjeldahl nitrogen determinations. 
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Fig. 1. A plot showing the variation of the sedimentation constant of chymotryp- 
sinogen with protein concentration. Except where indicated, ChTg V was used 
for these measurements. @, pH 3.86, ionic strength 0.2. The symbol with the bar 
at the top indicates the measurement made with ChTgIV. O,pH 6.20, ionicstrength 
0.2. A, pH 4.99, ionic strength 0.5. 


The nitrogen content of chymotrypsinogen was taken as 15.8 per cent 
(1,3), while the values of Brand (11) were used for the two chymotrypsins. 

The partial specific volume of chymotrypsinogen was found to be 0.73, 
and this value was assumed for the other two proteins studied.? 


Results 


Chymotrypsinogen—The results obtained with chymotrypsinogen are 
shown in Fig. 1. Although the scatter of the points on this plot appears 
to be considerable, it will be noted that the maximum deviation from the 


* Details of this determination together with similar measurements for the other 
materials will be published in the future. 
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least square line is of the order of 4 per cent. The small negative slope of th 
the least square line agrees with the observation that the specific viscosity = 
increment of chymotrypsinogen is of low order, i.e. 0.030.2_ Application of 
of this viscosity correction to the least square plot yields a horizontal line. "4 
Although Oncley (9) quotes 3.1 Svedberg units as the value of soo, » for th 
chymotrypsinogen from preliminary results of Hess and Williams, the con- se 
ditions under which these determinations were made are not stated. The # 


data presented here indicate that seo, . for chymotrypsinogen extrapolated 
to zero concentration is 2.7 (2.66). 

Since the molecular weight determinations of Kunitz and Northrop by 
osmotic pressure measurements (1) were carried out in concentrated salt 
solutions, one run was made in a buffer whose ionic strength was 0.5. 
Within the limits of error of the measurement, no change in sedimentation 
rate was introduced by the higher salt concentration. It will be noted from 
Fig. 1 that no difference in sedimentation rate was found for the two sam- 
ples of chymotrypsinogen studied. 

Upon completion of the sedimentation, density, and viscosity determina- 
tions with chymotrypsinogen, the solutions used were pooled and the 
protein precipitated by adding solid ammonium sulfate to 0.7 saturation. 
When this precipitate was treated by the usual crytallization procedure, 
a heavy crop of well formed chymotrypsinogen crystals was obtained. 

a-Chymotrypsin—The data obtained with a-chymotrypsin are shown in 
Fig. 2. These results seem to resemble qualitatively those reported by 
various investigators in the Upsala laboratories for human, horse, and cat 
hemoglobin (7) for which sedimentation constants were found to decrease 
on dilution. Since the boundaries in all of these determinations were sym- 
metrical (cf. Fig. 3) and showed no evidence of a second component, the 
tentative conclusion is drawn that the a-chymotrypsin monomer, with 4 


sedimentation rate not very different from that of chymotrypsinogen, is Cl} 
in equilibrium with a dimer. The equilibrium between monomer and wi 
dimer is shifted toward the dimer by increasing the concentration of a | 6: 
chymotrypsin or by decreasing the pH. It will be noted from Fig. 2 that | 10 


a check determination made with ChT IV gave an identical rate of sedi- 
mentation with that found for ChT I. 

Since the curves shown in Fig. 2 for different pH values merge with in- te 
creasing a-chymotrypsin concentration into a single line of constant slope, 


the assumption that points lying on this line represent the sedimentation . 
rate of the pure dimer seems not unreasonable. From a least square extra | 
polation, with the nine points which are closest to the line indicated, the 4 
value of 829,» at zero concentration for the postulated a-chymotrypsil to 
dimer is 3.5 (3.52) Svedberg units. Extrapolation of the data at various ’ 


pH values to the value of 8:0, » for the monomer was not attempted, since 
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the lines describing the variation of sedimentation rate with concentration 
are curvilinear. At present the most promising approach to the problem 
of the molecular size and shape of the monomer seems to be to evaluate the 
size and shape of the dimer, and, the limits within which the dimensions of 
the monomer must fall being known from the experimental evidence, to 
estimate the range of sizes and shapes which will form a dimer of known 
size and shape. 
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mg.a-CHYMOTRYPSIN per mi. 


Fic. 2. A plot of sedimentation constant against a-chymotrypsin concentration 
for three pH values. Except as noted, determinations were made at about 25° with 
ChT I. @, pH 3.86, ionic strength 0.2. A, pH 4.99, ionic strength 0.2. The symbol 
with the bar at the top designates the measurement made with ChT IV. O, pH 
6.20, ionic strength 0.2. The symbol with the bar is for the determination made at 
10°. 








Since the concentrations of a-chymotrypsin monomer and dimer are 
postulated to depend upon the total protein concentration, the “‘tail’’ of 
the boundary on the solvent side must represent a higher ratio of monomer 
to dimer than is present in the bulk of the solution. This portion of the 
boundary is also in a weaker field and will, therefore, lag slightly. From 
one edge of the boundary to the other the ratio of monomer concentration 
to dimer concentration will change progressively until the concentration 
and composition of the bulk of the solution are attained. The edge of the 
boundary on the solution side will have the highest concentration of dimer 
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and, because of this fact and the greater field strength, will spread toward 
the bottom of the cell.2 Since the boundary of a solution of pure monomer 
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Fic. 3. Typical Philpot-Svensson photographs obtained during sedimentation 
analyses. In all cases the protein concentration was about 0.9 per cent and the rota- 
tion rate was 59,780 r.p.m. Reference lines have been rimmed from these pictures 
I, chymotrypsinogen; the first seven exposures were made with a bar angle of 60 
and an exposure interval of 16 minutes; the last three exposures with a bar angl 
of 45° at 8 minute intervals; pH 3.86, ionic strength 0.2. I7, a-chymotrypsin; expo 
sures made at 8 minute intervals; the first four exposures with a 60° bar angle and 
the remaining with a 45° bar angle; pH 4.99, ionic strength 0.2. IIT, y-chymotrypsin; 
8 minute exposure interval; bar angle 60° for the first four exposures and 45° for t! 
remaining exposures; pH 6.20, ionic strength 0.2. 


or pure dimer would be acted upon only by diffusion and by the change in | 


field across the boundary, but would not have the superimposed composi- 


’The boundary spreading into the solution phase will be somewhat restricted 
by the greater viscosity of the solution. Close examination of the Philpot-Svensson 
photographs indicates that boundary spreading is actually less on the solution side 
of the boundary than on the solvent side. 
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tion gradient across the boundary, it appears probable that boundary 
spreading for a solution of intermediate composition will be greater than 
that for solutions of either pure component. Consequently, as the ratio of 
monomer to dimer is altered by changing the total protein concentration, 
a maximum in the apparent diffusion constant should be observed. 

The apparent diffusion constants were calculated from the Philpot- 
Svensson photographs of several of the runs made at pH 6.20 by means of 
Method III described by Pedersen (7). The results are shown in Fig. 4. 
Although the accuracy of the points for the two lowest concentrations is 
low, this result does seem to lend weight to the interpretation given here 
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mg.%- CHYMOTRYPSIN per ml. 
Fig. 4. A plot of apparent diffusion constants, calculated from sedimentation 


diagrams obtained at pH 6.20 in a buffer of 0.2 ionic strength, against a-chymotrypsin 
concentration. 


The argument that a-chymotrypsin did not undergo any changes during 
the measurements reported here is based upon the following evidence: (1): 
The plot of log x against time showed no significant deviation from line- 
arity for any run. (2) When the sedimentation rate was determined at 
10° instead of at room temperature, an identical value was found within 
the limits of error of the determination (cf. Fig. 2). Since the viscosity of 
water is about 50 per cent greater at 10° than at 25°, while an enzymatic 
reaction would only be expected to proceed at about one-third the rate at 
10° as at 25°, these factors are not entirely compensatory. (3) The fact 
that the sedimentation rates at high concentrations are identical for all pH 
values indicates that autolysis does not occur at the higher pH values. 
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(4) The absence of a second peak, or of appreciable asymmetry, indicates | pl 
that modified protein was not formed. su 
y-Chymotrypsin—The results shown in Fig. 5 for y-chymotrypsin are 
similar to those obtained with a-chymotrypsin except that a much greater th 
dependence of a postulated dissociation constant of the dimer upon pH is | 3s 
apparent. y-Chymotrypsin, as would be expected from the molecular of 
weight given by Kunitz (2), sediments at a considerably lower rate than be 
does a-chymotrypsin. Although the extrapolation may be modified by a au 
complete knowledge of the intrinsic viscosities of the components of this 
system, 3.2 Svedberg units may be tentatively taken as the value of sz, , mi 
for the y-chymotrypsin dimer. da 


With y-chymotrypsin, as with a-chymotrypsin, the plots of log x against 
time were linear for each run and the boundaries were symmetrical for all 
determinations. Additional evidence that autolysis did not occur at higher 
pH values is provided by the fact that sedimentation rates increased rather 
than decreased with increasing pH values. 


DISCUSSION 


Evidence has been presented that a- and y-chymotrypsin behave as re- 
versible monomer-dimer equilbrium systems whose dissociation constants 
increase with pH. The shape of the curves presented in Figs. 2 and 5 can 
be accounted for by the interaction of the following effects: (1) As the 
protein concentration is increased, more dimer is formed, so that the sedi- 
mentation rate tends to increase. (2) As the total protein concentration | 
increases, the viscosity of the solution increases and the sedimentation rate 
tends to decrease. Probably the contribution of the dimer to the viscosity 


of the solution is somewhat greater than that of the monomer. | ig 
Attempts at a complete analysis of this phenomenon will be deferred un- teir 
til data regarding the intrinsic viscosity and diffusion constants of the com- 4.98 
ponents of the monomer-dimer equilibrium system have been evaluated. | yg 
However, tentative conclusions may be drawn as follows: wit 
If it is assumed that the monomer of a-chymotrypsin consists of a sphere | me; 
having a hydration of 0.15 gm. of water per gm. of protein, and that the mel 
dimer consists of two spheres of unchanged hydration in contact at one sing 
point, the value of f/fo for the dimer is 1.10. With this value, the molecu- val 
lar weight of the dimer is 35,000. Conversely, assuming the molecular | tigi 
weight of the monomer to be 17,500 and f/fo to be 1.05, the sedimentation | 
rate at zero concentration is 2.34 Svedberg units, a value fitting well the | J 
data shown in Fig. 2. | mer 


If similar assumptions and calculations are made for y-chymotrypsin, the Thi 
molecular weight of the dimer is 31,000 and the sedimentation constant and 
of the monomer is 2.1 Svedberg units, a value somewhat lower than appears Ser 
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probable from Fig. 5 but, in view of the elementary assumptions made, 

sufficiently near to the observed values to support this interpretation. 
From the observed tendency of this equilibrium system to shift toward 
the monomer as the pH is raised, it may be postulated that the monomer 
is the active enzyme. Since pH 6 represents the approximate lower limit 
of activity of this enzyme, studies at higher pH values were not undertaken 
because of the well known tendency of the active proteases to undergo 

autolysis in the pH range in which they are enzymatically active (1). 
Chymotrypsinogen has not been found to show the phenomenon of di- 
merization at any pH value or salt concentration studied. From viscosity 
data for chymotrypsinogen, f/fo = 1.05. From this value and the sedi- 
3.2.5 the 
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Fie. 5. The variation of the sedimentation constant of y-chymotrypsin with proe 
tein concentration for three pH values. @, pH 3.86, ionic strength 0.2. A, pH 
4.99, ionic strength 0.2. O, pH 6.20, ionic strength 0.2. 


mentation data presented here, the molecular weight is 22,000. However, 
with the value for the diffusion constant given by Oncley from preliminary 
measurements of Hess and Williams (9) (7.9 X 10-7) and with the sedi- 
mentation constant presented here, the molecular weight of chymotryp- 
sinogen is 30,000. This discrepancy between viscometric and diffusion 
values has been previously noted by Kunitz and Northrop (1). It is an- 
ticipated that further studies will clarify this point. 
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SUMMARY 


The sedimentation constant of chymotrypsinogen at zero protein concen. 
tration has been found to be 2.7 Svedberg units over the pH range 3.86 to 
6.20 and at ionic strengths between 0.2 and 0.5. 

Both a- and y-chymotrypsins appear to associate to a dimer in solution, 
The degree of association is increased with increasing protein concentra. 


tion and is decreased with increasing pH. 20, » for the dimer of a-chymo- | 


trypsin is 3.5 Svedberg units extrapolated to zero protein concentration, 
The value of seo, » extrapolated to zero protein concentration for the dimer 
of y-chymotrypsin is 3.2 Svedberg units. These values have been dis. 
cussed in relation to the probable molecular weights of these substances, 


Addendum—Recently, Dr. John F. Taylor at Washington University, St. Louis, 
and Dr. Elliot Volkin at the Oak Ridge National Laboratory have made independent 
determinations of the sedimentation constant of ChTg V at the 1 per cent concentra. 
tion level. Dr. Taylor used an acetate buffer, pH 5, ionic strength 0.2, and found 
820, » to be 2.54 and 2.42 from determinations made at 18.4° and at 6.7°, respectively. 
Dr. Volkin made a determination at a mean temperature of 30.2°, with the phosphate 
buffer of pH 6.20 used in this laboratory, and found 820, » to be 2.43. These deter. 
minations were made with Specialized Instruments Corporation ultracentrifuges. 
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THE KINETICS OF THE AMIDASE AND ESTERASE ACTIVITIES 
OF TRYPSIN 


By GEORGE W. SCHWERT anp MAX A. EISENBERG 


(From the Department of Biochemistry, Duke University School of Medicine, Durham, 
North Carolina) 


(Received for publication, February 14, 1949) 


In previous reports from this laboratory investigations of the specific 
esterase activity of trypsin (1) and of the detailed kinetics of the hydrolysis 
of specific substrates by chymotrypsin and by carboxypeptidase have been 
reported (2, 3). In the present paper a reinvestigation of the kinetics of 
the action of trypsin on benzoyl-L-argininamide and the results of kinetic 
studies of the action of trypsin on a series of esters of benzoylarginine are 
presented. 


EXPERIMENTAL 


Enzyme—The trypsin used for this study (Ty) was prepared according 
to the procedures of Kunitz and Northrop (4) and of McDonald and 
Kunitz (5). The enzyme was recrystallized one time. 

Substrates and Inhibitor—The preparation of a-benzoyl-L-arginine has 
been described (1). a-Benzoyl-L-argininamide (BAA) and the methyl, 
ethyl, and isopropyl esters of a-benzoyl-L-arginine (BAME, BAEE, and 
BAIPE) were prepared according to the method of Bergmann, Fruton, 
and Pollok (6). The procedure of these authors was modified for the 
preparation of the cyclohexyl and benzyl esters of a-benzoyl-L-arginine 
(BACHE and BABE) in that the esterification was carried out only one 
time and the reaction mixture was heated on a boiling water bath for 3 
hours. The reaction mixtures in all cases were concentrated under reduced 
pressure and ether was added to precipitate the esters as oils. BAEE, 
BAIPE, BACHE, and BABE crystallized on standing under ether in a 
cold box at —20°. These esters were recrystallized by dissolving them in 
the corresponding alcohol and adding ether to turbidity. As previously 
reported (1, 6), BAME could not be crystallized. 

The analytical results for these materials are shown in Table I. 

Methods—The methods for determining the amidase and esterase activity 
of trypsin have been described (1). The only modification in these pro- 
cedures was the use of a small mechanical stirrer in place of hand stirring 
or stirring by nitrogen bubbles in the determination of esterase activity. 

Enzyme concentrations were determined by the semimicro-Kjeldahl 
method. 
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Results 


Action of Trypsin on Benzoylargininamide—Hofmann and Bergmann the 
(7), Butler (8), and Schwert, Neurath, Kaufman, and Snoke (1) have clu 
reported that the hydrolysis of benzoylargininamide by trypsin follows 
first order kinetics. This result is surprising, since it has been generally | 8 
found, in agreement with the concept established by Michaelis and Menten sat 
(9), that adherence to first order kinetics in enzyme systems is apparent at] 
rather than real. In recent studies from this laboratory it has been pointed of 
out that the kinetics of enzymatic reactions can be generally treated ae- ace 
cording to the integrated Michaelis-Menten equation (2, 3). 


rey 














Accordingly, the hydrolysis of benzoylargininamide by trypsin was , 7 
reinvestigated. In Fig. 1 are shown the results obtained over a range of ° 30! 
substrate concentration from 0.005 to 0.075 m plotted according to zero ‘ 

Tasue I * 054 
Chemical Analyses of Benzoylarginine and Some Esters of Benzoylarginine : 
Compound N calculated N found M.p "hag 
"7 percent =| percent °C ; i5. 
Da ihackr x) bien: by ated MO in E 
BAME:HCI*... etree Coe 16.8 16.4 > 
Cee us ANG Fon | 161 | 16.0 | 129 -190 ies 
I ie ei | 1.7 | 152 | 173.5175 |¢ 
BACHE: HCIf........ WA sere, a, Se — 35 
rE 6 Ts vary cslevanes | 13.9 a7: | 6-3 ee 
—-——— ———_—— — | of 

* Extremely hygroscopic glass. | ag 

+ After washing with ether and prolonged drying tn vacuo the odor of cyclohexanol 
still clung to this preparation. 
order reaction kinetics. In this range of substrate concentration the initial ‘in 
reaction course is the same for all substrate concentrations used. This Ola 
observation suggested that K,, for this system is so much less than the uM, / 
lowest substrate concentration studied that the reaction follows zero order { F 
kinetics throughout this range of substrate concentrations and that devi- hyd 
ations from zero order kinetics were caused by inhibition of the enzyme by velo 
one of the reaction products. The data shown in Fig. 1 could not be re- = 


solved by the Lineweaver and Burk equation for competitive inhibition 0.00: 
(10), since the value of the ratio K,,/K; increased as the reaction | ' 


_ 

progressed.' evel 

; , : : | solu 

1 K,, is the Michaelis constant and is defined by Km = (kz + k3)/k, where ky, is the | T 
rate constant for the reaction of enzyme and substrate to form the enzyme-substrate | F; 

complex, k2 is the rate constant for the reverse reaction, and k; is the rate constant ig. 

for the slowest reaction between the enzyme-substrate complex and the ultimate for- oy] 

mation of free enzyme and reaction products. Ky, is the enzyme-inhibitor dissocis ™ 


tion constant. are j 
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Since the addition of an equimolar quantity of ammonium chloride to 
the substrate resulted in no diminution of the reaction rate, it was con- 




















1ann oR AD ae 
have cluded that inhibition must be due to benzoylarginine.” 
lowe Although the true solubility of benzoylarginine is very low, it was ob- Ny 
rally _ served during the recrystallization of this substance that stable super- 
nten  gaturated solutions could be easily prepared by dissolving benzoylarginine 
rent at high temperatures and allowing the solution to cool. The small tendency 
nted of benzoylarginine to crystallize from supersaturated solutions probably 
a accounts for the fact that enzymatic reaction solutions remain homogeneous 
35) 
Was | pre ft 
ze of ».304 
zero |, 
F3 2000 
: 25; 
p ~ 0 
‘ 00: ,'600 ae 
0 x if 
N 
3 154 1200 al y 
: f ee 
* 19 : 800}. —+ 
Tr e a e 
15 («|e pay vis 
8 2 
Ti, ] 5 60 120 180 0 20 40 60 80 100 
sxandl MINUTES Yo, 
Fic. 1 Fia. 2 
nitial Fie. 1. Hydrolysis of benzoylargininamide by trypsin. Trypsin concentration, 
This 0.060 mg. of nitrogen per ml. of reaction solution. Determinations made at 25° in 


0.1m phosphate buffer, pH 7.72. BAA concentration is shown by O 0.005 m, @ 0.0125 
nthe | 4, A 0.025 m, & 0.050 mM, 0 0.075 m. 


order { Fie. 2. Plot of the Lineweaver and Burk (10) equation for inhibition of tryptic 
devi- hydrolysis of BAA by benzoylarginine. 1/v is the reciprocal of the initial reaction 
ne by velocity in moles hydrolyzed per liter per minute and 1/S is the reciprocal of the 
be ae initial substrate concentration. Trypsin concentration 0.055 mg. of N per ml. of 


ot the reaction solution. Concentration of benzoylarginine is given by O none, @ 
bition | 0005 at, & 0.0125 at, A 0.025 x1, 0 0.050 at. 
action , 4 
' even though the amount of benzoylarginine formed by the hydrolysis of a 
ae | soluble derivative is much greater than the true solubility of this substance. 
1 18 We 


ae | This observation was utilized in making the determinations shown in 
nstant || '% 2. It is apparent from this plot that in low concentrations of ben- 
tefor- | 2%ylarginine the inhibition of the hydrolysis of BAA by trypsin is almost 
380C18- : 4 

* This result has been independently reached by Harmon and Niemann (11). We 
are indebted to these authors for access to these data prior to their publication. 
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entirely non-competitive and that the competitive nature of the inhibition 
is increased by increasing the concentration of benzoylarginine. Inhj. 
bition of this indeterminate type has been previously reported by Elkins. 
Kaufman and Neurath (12) for the action of butyric acid and chloroacetic 
acid on the carboxypeptidase-carbobenzoxyglycyl-L-phenylalanine system, 

Action of Trypsin on Esters of Benzoylarginine—Although it has been 
observed (1) that the hydrolysis of BAME by trypsin follows zero order 
kinetics, no attempt has been made to determine whether the range of 
concentrations in which deviations from zero order kinetics occur is experi- 
mentally attainable. With the present method of determining esterase 


12 enema 
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MOLES HYDROLYZED x1!105 
© 











0 ¥ = | 
6) 2 4 6 8 10 
MINUTES 
Fic. 3. Hydrolysis of BAME by trypsin at 30°. 0.0334 mg. of trypsin N represents 
the amount of trypsin used for each determination. 2 ml. of 0.1 mM phosphate buffer, 
pH 7.8, were added to each reaction solution. pH 8.00 was the null point for thes 


measurements. The concentration of BAME and the volume of the reaction solu. | 


tion are shown by O, 0.0007 m, 100 ml.; @, 0.003 m, 25 ml.; A, 0.03 m, 5 ml. 


activity, concentrations of substrate below about 5 X 10-‘ m cannot be 
used conveniently. Fig. 3 shows the course of the reaction over the con 
centration range from 0.0007 to 0.03 m. Within this range the reaction 
apparently follows zero order kinetics through a very large part of the 
reaction course. From the concentration of substrate remaining whel 
deviations from zero order kinetics occur, it can be estimated that Ks 
must be smaller than 8 X 10° m. This very low value of Kn, together 
with the relative inefficiency of benzoylarginine as an inhibitor in dilute 
solutions, must account for the difference in apparent order between the 
enzymatic hydrolysis of BAA and that of BAME. 

In order to evaluate the effect of the size and nature of the alcohol group 
on the tryptic hydrolysis of esters of benzoylarginine, rate determinatiom 
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with BAME, BAEE, BAIPE, BACHE, and BABE were made at identical 
enzyme and substrate concentrations. Fig. 4 shows the results of these 
determinations at two temperatures. It is apparent that replacement of 
the methyl group of BAME by a variety of alcohol groups results in no 
significant change in the hydrolysis rate. 

A series of determinations at varying substrate concentrations was made 
with each ester to determine whether the kinetics of the hydrolysis of any 
of the esters studied could be characterized by a measurable K, value. 
In all cases the results were identical with those shown in Fig. 3 for BAME. 
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8 0 2 4 6 
MINUTES 
Fic. 4. Hydrolysis of esters of benzoylarginine by trypsin at 25° and at 3.3°. The 
volume of the reaction solution was 10 ml.; ester concentration 0.0075 m. 0.0227 mg. 
of trypsin nitrogen present in each reaction solution. The null point for these deter- 
minations was pH 8.00. For clarity many points have been omitted. The esters 
are designated by O BAME, @ BAEE, A BAIPE, A BACHE, 0 BABE. 


It is generally assumed that enzymatic reactions occur in two steps, a 
combination between enzyme and substrate and the subsequent activation 
and hydrolysis of the substrate. When zero order kinetics are found, it 
is usually postulated that the combination step is so rapid as compared 
‘o any subsequent process that the enzyme is always saturated with sub- 
sirate. Since K,, for the esters of benzoylarginine is so small that the 
(wo steps in the reaction cannot be distinguished experimentally, it was 


"It is of interest that the a-monoglyceride of benzoylarginine, a difficultly char- 
acterized oil, prepared by the reaction of the silver salt of benzoylarginine with 


«glycerol monochlorohydrin, is also hydrolyzed at a rate identical with that of the 
other esters. 
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reasoned that altering the character of the solvent might so alter the rates 
of the two processes that they could be measured separately. Although 





this expectation was not realized, the results obtained are of interest. : 
When the enzymatic hydrolysis of BAME is carried out in ethanolic et 
solutions, the initial reaction rate, up to a limiting concentration of alcohol, on 
is greater than that observed in water. In 16 volume per cent ethanol | = 
the initial rate is increased about 35 per cent over that in water, and in rit 
32 volume per cent ethanol the increase is about 50 percent. At an ethanol on 
concentration of 54 volumes per cent the initial rate isidentical with that in ok 
water. As the reaction in ethanolic solutions progresses, however, the rate : 
decreases, the decrease being greater the higher the ethanol concentration, oy 
Analogous, but less marked, changes in rate were observed when BAA was = 
acted upon by trypsin in ethanolic solutions. These observations are jn es 
agreement with the findings of Risley, Buffington, and Arnow (13) for the i 
action of trypsin on bovine serum. et 
The failure of the esterase reaction to follow zero order kinetics in ao 
alcoholic solutions suggested that the enzyme might be inhibited by one of _, 
the reaction products in such solutions. Determinations in water and in - 
16 volume per cent ethanol indicated that the addition of 0.01 m benzoyl. a 
arginine or of 0.01 mM ammonium chloride causes no change in the rate of boy 
hydrolysis of 0.01 m BAME. It was also observed that 0.01 m benzoyl- aa 
arginine causes no inhibition in 50 per cent ethanol. Neither 0.01 x ‘al 
arginine hydrochloride nor 0.01 m guanidine hydrochloride causes any rate | 
change in 16 per cent ethanol. ae 
When the rate of hydrolysis of BAME and of BAEE by trypsin was ps 
studied in a series of alcohols at the 16 volume per cent level, it was found ee 
that methanol causes a 15 per cent increase in rate, ethanol causes a 3i ; 


per cent increase, and n-propanol and feri-butanol cause a rate increase oi | 
about 40 per cent over that observed in water. No change in reaction | Ij 
rate was observed when the reaction was studied in 0.1 M glycine. 


ee. t 
It has been suggested® that the esterase activity of the proteases might a 
be distinguished from the activity of the true esterases by the effect of ori 
fluoride upon this activity. Dry trypsin powder was dissolved in 0.5 ™ ave 


sodium fluoride solution and, after 15 minutes, a portion of this solution of t 
was added to BAME in the usual buffer. The concentration of fluoride T 
in the reaction solution was 0.025 m. A rate identical with that observed on 
in the absence of fluoride was found. at t 


‘ The possibility that the acceleration observed in the initial stages of the reaction acti 
in 16 and 32 volume per cent ethanol might be due to traces of some activating matt The 
rial was ruled out by using carefully redistilled absolute alcohol for comparative rate per 
studies. The observed rate was independent of the source of the alcoho! used. 

’ By Dr. Frederick Bernheim. 3 
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DISCUSSION 


The data presented in Figs. 1 and 2 show clearly that the hydrolysis 
of benzoyl-L-argininamide by trypsin cannot be interpreted by a single 
order of reaction, since one of the reaction products, benzoylarginine, 
exerts an inhibitory effect on the reaction. This inhibition is of an in- 
determinate type. It is initially non-competitive, but additional incre- 
ments of benzoylarginine formed during the reaction cause disproportion- 
ately greater inhibition of the enzyme. 

These results are in essential agreement with those of Harmon and 
Niemann (11) which have recently come to our attention. According to 
their data a value of K,, = 0.0021 fits the kinetics of the tryptic hydrolysis 
of BAA at 25° reasonably well provided values of K,,/K, varying between 
lj and 2 are assumed, the higher value being required to approximate the 
reaction course, on the basis of competitive inhibition, at higher ‘initial 
substrate concentrations. 

Although the esters of benzoylarginine used for this study probably 
show some variation in their resistance to non-enzymatic hydrolysis, they 
are hydrolyzed by trypsin at identical rates. As enzymatic reactions are 
usually formulated, the possible limiting rates for a zero order reaction 
are (1) the rate of activation of the enzyme-substrate complex, (2) the 
rate of entry of water into the hydrolytic process, and (3) the rate of 
desorption of the products from the enzyme surface. The third of these 
possibilities is rendered improbable by the observation that only benzoyl- 
arginine, a product formed in the hydrolysis of both BAA and of the esters 
studied here, has been found to have inhibitory activity. Were the rate 
of desorption of the products the limiting step, the rates of hydrolysis 
of esters and amides should be identical. The other two possibilities 
can be distinguished only formally and may occur as one process. 

If it is true that the rate being measured in the hydrolysis of esters by 
trypsin is the rate of activation of the enzyme-substrate complex, then it 
must be this rate which is increased by the addition of alcohols to the 
system. It is of interest that for the chymotrypsin-acetyl tyrosinamide 
system the addition of methanol causes no change in the rate of activation 
of the enzyme-substrate complex.® 

The results obtained here at two temperatures for the five esters of 
benzoylarginine agree well with those previously reported (1) for BAME 
at three temperatures. Thus, over the range 0.5-42°, AZ, the Arrhenius 
activation energy for the rate-limiting step, is 11,200 calories per mole. 
The absolute reaction rate (moles of ester hydrolyzed per mole of enzyme’ 
per second) is 26.7 reciprocal seconds at 25°. With use of the theory of 


‘Kaufman, S., and Neurath, H., J. Biol. Chem., in press. 
"The molecular weight of trypsin is assumed to be 36,000. 
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absolute reaction rates (14), AH* = 10,600 calories per mole, AF* = 15,509 


calories per mole, and AS* = —16.5 entropy units. These values are of | 


the same order as those previously reported for the hydrolysis of spe. 
cific esters by chymotrypsin (2). 


This work has been supported by grants from the Rockefeller Foundation 


and from the National Institutes of Health, United States Public Health | 


Service. 


SUMMARY 


It has been found that benzoyl-L-arginine inhibits the tryptic hydrolysis 
of benzoyl-L-argininamide. This inhibition is of indeterminate type, being 
almost non-competitive in low concentrations of benzoyl-L-arginine and 
approaching competitive inhibition with increasing concentrations of this 
reaction product. 

The methyl, ethyl, isopropyl, benzyl, and cyclohexyl esters of benzoyl. 
arginine are hydrolyzed at identical rates by trypsin. These reactions 
follow zero order kinetics and none is inhibited by benzoylarginine. 

The effect of added alcohols, fluoride, arginine hydrochloride, and guan- 
idine hydrochloride upon the rate of hydrolysis of benzoyl-L-arginine 
methyl ester by trypsin has been determined. 
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THE METABOLISM OF C*¥-LABELED GLUCOSE BY THE RAT 
DIAPHRAGM IN VITRO* 


By CLAUDE A. VILLEE anv A. BAIRD HASTINGS 
(From the Department of Biological Chemistry, Harvard Medical School, Boston) 


(Received for publication, October 19, 1948) 


The rat diaphragm was shown by Gemmill (1, 2) to be a satisfactory 
preparation for the study of carbohydrate metabolism in muscle in vitro. 
It has been employed by Gemmill (3), Hechter, Levine, and Soskin (4), 
Stadie and Zapp (5, 6), and Verzar and Wenner (7) to study the effect of 
insulin on glycogen formation, and by Krahl and Cori (8) to study the 
effect of insulin on glucose disappearance. The present experiments, with 
C-labeled glucose as the substrate, were undertaken to determine the 
relative amounts of glucose converted to glycogen and glucose metabo- 
lized to CO. by muscle cells and the effect of insulin on these processes. 


_ In previous studies (9), the effect of insulin on the metabolism of glu- 


cose to carbon dioxide was determined from calculations of the respira- 
tory quotient. In the present experiments, direct determinations of the 
amount of labeled glucose metabolized to CO, have been made and the 
extent of its conversion to glycogen determined. 

The data to be reported include observations on the diaphragms of nor- 
mal, diabetic, adrenalectomized, hypophysectomized, diabetic-adrenalec- 
tomized, and adrenalectomized-hypophysectomized rats. 


Materials and Methods 


Animals—Most of the animals used in these experiments were male 
Wistar strain rats, weighing 150 to 200 gm., obtained from the Albino 
Farms. A few Wistar rats from the Charles River Breeding Laboratories 
and from our own Wistar colony were used; no differences in these three 
strains were observed. All animals except those which were adrenalecto- 
mized and hypophysectomized were fed on a stock diet of Purina dog 
pellets. 

Diabetes was induced by single intravenous injections of 50 mg. of 
alloxan per kilo of body weight. The alloxan was administered as a 5 per 
cent solution in water, freshly prepared. After injection, animals were 
fed the stock diet and given water to drink. Urine glucose determina- 
tions were made every other day until the animals were used. The dia- 
betic animals were kept about 7 days before being used in an experiment. 


* This work was supported in part by a contract between Harvard University and 


the Office of Naval Research, and in part by a grant-in-aid from the Ella Sachs Plots 
Foundation. 
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Bilateral adrenalectomy was performed in a single operation by means 
of the Ingle and Griffith (10) technique and ether anesthesia. Both ade. 
nalectomized and diabetic-adrenalectomized rats were fed a synthetic, low 
carbohydrate diet and were given 1 per cent sodium chloride to drink 
Since diabetic-adrenalectomized animals tend to die of hypoglycemia op 
prolonged fasting, the period of fasting of these animals was limited to 
6 to 10 hours. 

The hypophysectomies were performed by Dr. Roy O. Greep, of the 
School of Dental medicine, using the ventral approach. These animals 
were kept 2 to 10 weeks before being used in the experiments. Some 
rats were adrenalectomized, given 5 days to recover, then hypophyseeto. 
mized and kept 4 to 8 days more before being used in experiments. Al] 
hypophysectomized rats were fed a special synthetic high fat diet. 

Substrate—Glucose labeled with C™ in positions 3 and 4 was made bio. 
synthetically in vitro as glycogen in liver slices incubated with pyruvate 
and CO, in a potassium-enriched medium.!' The glycogen was then 





hydrolyzed for 2 hours with 0.33 n H:SO, and the sulfuric acid removed | 


by the addition of saturated Ba(OH)s. 

Glucose uniformly labeled in all six carbons was made photosyntheti- 
cally as starch in bean leaves in an atmosphere of C“O.. 5 to 6 week-old 
bean seedlings were kept in the dark 4 days to exhaust the starch reserves 


in the leaves. A vacuum desiccator was prepared by placing 10.6 gm. of | 


BaC"O; recovered as wastes from respiratory experiments in the bottom 
in a little water to facilitate mixing. (The activity of the BaCO; was 
about 45,000 counts per minute per mm of carbon.) About 20 gm. 
fresh weight of bean leaves were removed from the stalks and placed in 
CO,-free water in small beakers on the desiccator plate and held in place 
by scotch tape. 20 ml. of 9 N perchloric acid was placed in a round- 
bottom 50 ml. centrifuge tube in one of the holes in the desiccator plate. 


The top was put on, the desiccator evacuated to 50 mm. of Hg pressure, | 


and the centrifuge tube was tipped by a blow on the side of the desiec- 
cator, thereby mixing the acid with the BaC'“O,; and releasing C"0; 
The desiccator was kept at reduced pressure for 1 hour, after which COr 
free air was admitted to bring the pressure to slightly below atmospheric 
pressure. The desiccator was then put in the light for 48 hours. At the 
end of this photosynthetic period, the desiccator was evacuated five times 
through an NaOH train of absorbers to recover the CO: remaining. Al 
ter the last evacuation, 50 ml. of 5 n NaOH were drawn into the desit- 
cator to neutralize the perchloric acid and to absorb any remaining C0; 

The leaves were removed, ground in a Waring blendor in 200 ml. d 
water for 5 minutes, and strained through cheese-cloth. The residue was 


‘ Topper, Y. J., personal communication. 
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ground for 5 minutes in an additional 75 ml. of water and strained, and 
this second residue was ground a third time in 75 ml. of water. The 
combined filtrates were centrifuged 10 minutes at 10,000 r.p.m. The 
several sediments from this centrifuging were combined into a single 50 
ml. centrifuge tube and again centrifuged. The sediment consisted of 
three parts: a bottom layer of pale green cell fragments, a middle layer of 
white starch granules, and a thin upper layer of very dark green chloro- 
plasts. These layers were separated by differential centrifuging (11), 
the chlorophyll extracted by 3:1 alcohol-ether, and the residual starch 
placed in boiling 30 per cent KOH for 20 minutes. It was then precipi- 
tated from solution by the addition of 3 volumes of alcohol and cen- 
triuged. The resulting starch was hydrolyzed with 0.33 n H,SO, for 2 
hours to yield glucose. The sulfuric acid was removed by the addition 
of saturated Ba(OH), in the presence of phenol red. Ba(OH): was added 
to slight alkalinity. The BaSOQ, was removed by centrifugation and 
dilute phosphoric acid (0.01 m) added dropwise to neutrality, thereby re- 
moving the excess of Bat+*+. The resulting solution of glucose was used 
without further purification. 

Suspension Medium—The suspension medium in which the diaphragm 
muscle was incubated was identical with that used by Stadie and Zapp 
(6): 0.040 m sodium phosphate, 0.005 m MgCh, 0.08 m NaCl, and 200 
mg. per cent of glucose, initial pH (by glass electrode) 6.8. The insulin 
used was commercial (20 units per ml.) iletin (insulin, Lilly). The final 
concentration of the insulin in the incubation medium was 0.5 unit per 
ml., 1.5 units per incubation vessel. 

Procedure—The animals were killed by a blow on the head, the abdo- 
men was opened, and the diaphragm was exposed. Each hemidiaphragm 
was removed with minimum trauma and bleeding, trimmed to remove 
the central tendon, and blotted on filter paper. A small piece of each 
hemidiaphragm was weighed, placed in boiling 30 per cent KOH, and 
analyzed for initial glycogen. The major part of the hemidiaphragm, 
about 100 mg. in weight, was weighed on a torsion balance and placed 
ina Warburg vessel in 3 ml. of incubation medium. One hemidiaphragm 
from each rat was placed in a vessel with insulin and one in a vessel with- 
out insulin. In the center well were placed a piece of hard filter paper 
and 0.2 ml. of 5 per cent NaOH, prepared CO,-free by dilution from satu- 
tated NaOH. 

The vessels were attached to Warburg manometers, gassed with 100 
per cent oxygen for 10 minutes, and then incubated for 2 hours at 38°, 
while being shaken at 120 cycles per minute. At the end of the 2 hour 
period, the vessels were removed, the alkali-soaked filter paper from the 
center well (containing CO, and C'O,) was placed in 8 ml. of CO,-free 
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water in a centrifuge tube, the center well was rinsed three times with in 
CO,-free water, and the washings added to the contents of the centrifuge tis 


tube. The tubes were then stoppered and allowed to stand for half an | 
hour, after which the filter paper was pressed dry against the side of the in 
tube and removed. Control experiments showed that all of the CO, in \ 


the center well was recovered by this procedure. 1 ml. of 0.11 m Ba(i, 30 
was added, and the BaCO; precipitated and centrifuged, washed with CO, by 
free water and 95 per cent ethanol, plated on stainless steel cups, and pre 
counted by an end window Geiger tube. pla 

The possibility remained that some significant fraction of the glucose ai 
was metabolized to CO: in the 10 minute period at the beginning of the of 
experiment in which the vessels were gassed with oxygen. To test this, bat 
four experiments were performed in which the vessels were filled with the tak 
incubation medium and center well alkali and gassed before the muscle was tuk 
added. After a 10 minute gassing period, the vessels were removed mo- coc 
mentarily from the manometers, the diaphragms added, and the vessels Wa 
replaced on the manometers immediately so that all the CO, evolved | Wa 
while the diaphragms were in the incubation medium was trapped. Es- me 
sentially no difference was found between these experiments and those wel 
done in the usual way. The average amount of CO: derived from the | (14 
labeled glucose of the medium was 13 per cent without added insulin and | ya 


16 per cent with added insulin in these experiments, compared to 10 per flas 
cent without added insulin and 16 per cent with added insulin in the (13 


experiments performed the usual way. fing 
Tests were made for the completeness of the transfer of CO. from the to | 
incubation medium to the center well in three ways. In eight experi- E 


ments, 0.2 ml. of 1 N H2SO, was placed in the side arm and dumped into Sac] 
the medium at the end of the experiment to bring the final pH of the cen 
medium to 1.8. There was no significant difference in the total amount 164 
of CO: recovered nor in the total counts of the recovered CO, compared phy 
with other experiments in which no acid was added at the end. In two mlz 
other experiments, the medium at the end was analyzed for its COz con- 
tent by the Van Slyke manometric method. This was found to be 0.00018 
and 0.0003 mm of CO, per incubation vessel, respectively, and amounted 
to 1.0 and 1.9 per cent of the total CO, recovered. Another check is pro- Brot 
vided by calculating the CO, evolved during the experiment from the 


weight of BaCO; recovered and then calculating the r.q. from this value the 
and the oxygen uptake which was measured directly during the incuba- the 
tion period. If any significant amount of CO, remained in the medium, Cor 
the r.Q. so calculated would be less than 1; yet in these experiments the wie 
R.Q. varied from 1.0 to about 1.1. The amount of CO; present in the solu- = 


tion plus tissue at zero time was less than could be determined. by weigh 
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ing the BaCO; from the center well. The CO; initially present in the 
tissue (10 mm per kilo of muscle) would yield 0.02 to 0.03 mg. of BaCQs. 
Control experiments, in which muscle was incubated anaerobically, resulted 
in no detectable amount of CO: (measured as BaCO;) in the center well. 

The diaphragm was removed from the vessel, placed in 1 ml. of boiling 
30 per cent KOH in a 15 ml. centrifuge tube, and analyzed for glycogen 
by the method of Good, Kramer, and Somogyi (12). The glycogen was 
precipitated from the alkali by 1.5 volumes of alcohol. The tube was 
placed in an ice bath to insure complete precipitation, then centrifuged, 
and the supernatant discarded. The glycogen was resuspended in 1 ml. 
of water, precipitated by 1.5 ml. of alcohol, boiled, and placed in an ice 
bath, then centrifuged. The supernatant was discarded, the glycogen 
taken up in 0.5 ml. of water, 0.5 ml. of 10 n H:SO, was added, and the 
tube was placed in a boiling water bath for 30 minutes. It was removed, 
cooled, neutralized with 5 n NaOH (phenolphthalein), 1 drop of 2 Nn H,SO, 
was added, and then it was made up to 3 ml. with water. A 1 ml. aliquot 
was analyzed for glucose by the Nelson method (13). In eight experi- 
nents, aliquots of this glucose obtained from the hydrolysis of the glycogen 
were oxidized by the wet combustion technique of Van Slyke and Folch 
(14), and the resulting CO, was precipitated as BaCOs, plated, and ana- 
lyzed for C'*. The incubation medium was pipetted from the Warburg 
flasks and aliquots were analyzed for residual glucose by the Nelson method 
(13), with Ba(OH), and ZnSO, to remove interfering substances. The 
final pH of the medium was measured by the glass electrode and was found 
to be pH 6.8 + 0.1. 

Blood glucose determinations were made at the time the animals were 
sacrificed and averaged 98.7 mg. per cent for normal animals, 415 mg. per 
cent for diabetic animals, 68.3 mg. per cent for adrenalectomized animals, 
164 mg. per cent for diabetic-adrenalectomized, 97 mg. per cent for hypo- 
physectomized, and 70 mg. per cent for adrenalectomized-hypophysecto- 
mized animals. 


Results 


Effect of Insulin on Disappearance of Glucose from Medium—In all 
groups of animals, normal, diabetic, adrenalectomized, diabetic-adrenalec- 
tomized, hypophysectomized, and adrenalectomized-hypophysectomized, 
the addition of insulin increased the amount of glucose disappearing from 
the incubation medium (Table I). This confirms the work of Krahl and 
Cori (8) on normal, diabetic, and adrenalectomized rats. When no insulin 
is added, the glucose disappearance in the presence of muscle from dia- 
betic rats is lower and that from adrenalectomized rats is greater than in 
the presence of muscle from normal rats. The glucose disappearance in 
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the presence of diaphragm from diabetic-adrenalectomized, hypophysecto- 
mized, and adrenalectomized-hypophysectomized rats is greater than nor- 
mal. The figures obtained by Gemmill and Hamman (3), Stadie (5), and 
Krahl and Cori (8), each of whom used slightly different incubation media, 
are given for comparison. In our experiments, the decrease in glucose util- 
ation is roughly proportional to the severity of the diabetes. The data 
given in Table I are for those animals with a fasting blood glucose of 300 
mg. per cent or more. Five animals with a lower fasting blood glucose 
showed no decrease in glucose utilization: 1.53 mg. of glucose per gm. of 
diaphragm per hour without insulin and 5.14 mg. per gm. per hour with 
added insulin. 

Amount of Glucose Carbon Recovered in CO.—The amount of glucose 
metabolized to CO, was calculated from the formula: glucose metabolized 
to CO, = ((total counts of C“ in CO,)/(total counts of C™ in glucose)) 
X total amount of glucose in the vessel. 

When no insulin was added to the medium, the amount of glucose me- 
tabolized to CO, by the diaphragm paralleled the total amount of glucose 
disappearing from the medium. This was true for all six groups of ani- 
mals. It was less than normal in diabetic and greater than normal in the 
other experimental conditions (Line 2, Table I). The addition of insulin 
increased the amount of glucose metabolized to CO, by muscle from nor- 
mal, adrenalectomized, diabetic-adrenalectomized, hypophysectomized, 
and adrenalectomized-hypophysectomized rats. These increases were 
shown to be significant by the “‘t test,’”’ which gave P values of less than 
0.05 or 0.01 (Table II). The addition of insulin to diabetic muscle caused 
only a slight increase, one which is not statistically significant (P = 


about 0.35). 


Amount of Glycogen Synthesized—The amount of glycogen synthesized 
in the muscle during the incubation period (Line 3, Table I) was calculated 
by subtracting the initial glycogen content from the glycogen present at 
the end of the experiment. Muscle from both the diabetic and the adre- 
nalectomized animals formed less glycogen than normal muscle, but that 
from diabetic-adrenalectomized, hypophysectomized, and adrenalecto- 
mized-hypophysectomized animals formed more glycogen (Line 3, Table I). 
In normal muscle, the addition of insulin caused an 87 per cent increase 
in glucose utilization, a 100 per cent increase in glucose carbon recovered 
as COz, but a 265 per cent increase in glycogen synthesis. 

Glucose Unaccounted for—The glucose carbon recovered as CO, and the 
glycogen synthesized (Lines 5 and 6, Table I) accounted for from 11 to 
46 per cent of the total glucose disappearing from the medium; the rest 
was unaccounted for in these experiments. Some of the glucose unac- 
counted for is converted to lactate, some to fat, some to protein, and some 
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is present at the end of the incubation period as the various intermediates 
between glucose and the end-products. Experiments are under way to 
determine the fraction of the glucose converted to each of these substances. 

The increase in the amount of glucose metabolized to CO, when insulin 
was added paralleled the increase in the total glucose utilized; so that the 
same fraction of the glucose utilized, about 7 per cent, was oxidized with 
or without insulin (Line 5, Table I). However, the increase in the amount 
of glycogen synthesized when insulin was added was greater than the in- 
crease in the total glucose uptake, so that there was an increase in the 
fraction of the glucose uptake which was converted to glycogen (Line 6, 
Table I). If we assume that insulin acts on the hexokinase reaction and 
increases the amount of glucose-6-phosphate present, these facts suggest 
that the limit of the rate at which glucose-6-phosphate can be passed 
through the Embden-Meyerhof cycle to pyruvate was lower in our experi- 
ments than the limit of the rate at which glucose-6-phosphate can be con- 
verted into glucose-1-phosphate and glycogen. 

Fraction of Center Well CO2 Derived from Labeled Glucose—The fraction 
of CO; collected in the center well derived from the glucose of the medium 
was calculated by dividing the specific activity (counts per minute per mM 
of carbon) of the CO, by the specific activity (counts per minute per mM 
of carbon) of the glucose. Since the activity of the glucose was measured 
by combusting it to CO» and plating the CO. as BaCOs, the specific activity 
is the average activity of all 6 carbons in the glucose molecule, although 
actually only carbons 3 and 4 are radioactive. These calculations show 
that in muscle from normal, adrenalectomized, hypophysectomized, and 
adrenalectomized-hypophysectomized rats the addition of insulin in- 
creased not only the amount of glucose metabolized to CO., but also the 
fraction of CO, in the center well derived from the labeled glucose of the 
medium. There was, however, no over-all increase on the addition of 
insulin in the rate of respiration as measured by the oxygen up- 
take. This would indicate that when insulin was added the muscle me- 
tabolized more glucose and less of other substances. In muscle from 
diabetic and diabetic-adrenalectomized rats, the addition of insulin had 
less effect on the fraction of CO: derived from the glucose of the medium. 
In these calculations the assumption is implicit that insulin does not 
increase the size of the carbohydrate pool (and hence dilute the C“ from 
the glucose) by any route other than that from the glucose of the me- 
dium. If insulin does increase the size of the pool of precursors of the 
Krebs cycle other than those derived from the medium glucose, these 
calculations based on specific activity will be invalid. However, neither 
the Qo, nor the R.q. is changed by the addition of insulin. 

Glycogen Synthesis—The percentage of the glycogen synthesized in the 








682 METABOLISM OF GLUCOSE BY DIAPHRAGM 


diaphragm during the incubation period derived from the glucose of the grea 
medium was calculated by comparing the specific activity of the glycogen with 
synthesized with the specific activity of the glucose in the medium. Ip | obta 
seven out of eight experiments, the glycogen synthesized in the presence 
of a medium containing 200 mg. per cent of glucose apparently did not the | 
come entirely from the glucose of the medium. In three experiments with 
muscle from normal rats incubated in the absence of insulin, the fraction | 
of new glycogen formed during the incubation period derived from tagged yon 
glucose was 0.26, 0.79, and 1.0. In five experiments with muscle from nor. 
mal rats incubated in the presence of insulin, the fraction of new glycogen 
formed during the incubation period derived from tagged glucose was 0.53, 
0.56, 0.60, 0.76, and 0.24. When muscle is incubated in the absence of 
insulin, the amount of glycogen synthesized is small compared to that pres. 
ent initially; hence the correction factor, for converting counts per minute —— 
per mg. of total glycogen present at the end to counts per minute per mg, Ave 
of glycogen synthesized, is large and great differences in the value of the ~~ 
fraction derived from glucose occur. But when muscle is incubated. in 
the presence of insulin, the amount of glycogen synthesized is large, the 
correction factor is smaller, and the values of the fraction of glycogen syn. —— 
thesized derived from the glucose of the medium are less variable. Ave 

Evidence that glycogen of diaphragm muscle can be derived from pr. 
cursors other than glucose was obtained by the use of a-carbon-labeled 
pyruvate (CH;C“OCOO-) and carboxyl-labeled acetate (CH;C“OO-) as Efeet 
substrates. In six experiments with C'-pyruvate as substrate (glucose 
absent), the average amount of new glycogen derived from the pyruvate | suas 
was estimated as 13.1 per cent when insulin was absent, and 11.6 per cent 
when insulin was present. In four experiments with C''-acetate (glucose 
absent), the amount of glycogen formed in the muscle in a 2 hour incube- | 
tion period from the acetate of the medium was always less than 0.2 per 
cent (Table IIT). 

Metabolism of 3,4-Labeled and Uniformly Labeled Glucose—In most | 
the experiments presented here, 3,4-labeled glucose was used as the sub | ofe 
strate. That this material was.eventually metabolized completely to 00; Toa 
and water, and not to some 2 carbon fragment which releases the C" from | Glyeo, 
positions 3 and 4, is shown by the fact that exactly similar results wert | Glyeoy 
obtained when uniformly labeled glucose hydrolyzed from bean starch was | “lucos 
used. In four paired experiments, in which uniformly labeled glucose was 
used as the substrate, the average values of the glucose metabolized W | Mteo 
CO, by normal muscle were 0.15 mg. per gm. per hour without insult | When 
and 0.29 with added insulin. In the ten paired experiments with 3,+ | ven 
labeled glucose, the average values of the glucose metabolized to OO: by | ig th 
normal muscle were 0.10 and 0.19 mg. per gm. per hour respective, | Metat 
whereas if the 3 and 4 carbons had been metabolized at a significantly | Mereg 
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f the greater rate than the other carbons of glucose, the CO. values obtained 

sogen with 3,4-labeled glucose should have been significantly higher than those 
In | obtained with uniformly labeled glucose. 

sence High Concentrations of Glucose—A few experiments were performed in 

d not | the presence of glucose concentrations of 300 and 500 mg. per cent. The 
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action In Vitro Synthesis of Glycogen from Pyruvate and Acetate by Rat Diaphragm Muscle 
agged wer 
eB Per cent glycogen synthesized, derived from labeled substrate 
Nn Nor- Substrate be ee ee ee ee 
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O-) ag Effect of Variations in Concentration of Glucose in Incubation Medium on Utilization 
in Vitro of Glucose by Rat Diaphragm Muscle 



































glucose | The results are expressed as mg. per gm. per hour. 
yruvate an 
| Normal rats | Diabetic rats| Normal rats | Diabetic rats | Diabetic rats 
er cent | | 
500 mg. 
(glucose 200 mg. glucose per 100 ml. | 300 mg. glucose per 100 ml. deauet dat 
incuba: | medium medium ~ ml. 
medium 
ati | With-| woo. | With-| aia | With- | With- | we. | With- | w: 
lout |, With | | With | With With | "our |. With 
most of insulin insulin insulin insulin insulin insulin insulin insulin insulin insulin 
| —— | ——— | ———__ | —— | —— |— <itenditninia 
the sub- | No.of experiments............000s | 14 | 14 | 7 | 7 2 91 Sort GO eat 
] |” bal aaa | ee 
y - CO | Total glucose uptake | 1.60. 2.82 1.03 2.37) 5.57, 9.72' 8.45 9.77) 9.87/18.10 
C {tol | Glucosemetabolized to COs) 0.14 0.24 0.09, 0.11/ 0.12 0.26) 0.12, 0.21) 0.17| 0.21 
ilts wert Glycogen synthesized | 0.21) 0.70, 0.15 0.63 0.45, 0.76 0.13 0.68) 0.10 0.76 
arch was | Glucose unaccounted for | 1.25, 1.88 0.79) 1.63 5.00, 8.70. 7.90, 8.88) 9.60.17.18 





cose Was | 
olized 0 | "te of glucose utilization in both normal and diabetic muscle was increased 
‘t insulit | When the concentration of the glucose in the medium was increased, but 
vith 3, | én at the higher glucose concentrations, insulin had the effect of increas- 
> CO: by | Ug the glucose utilization (Table IV). Although the amount of glucose 
pectivel), | Metabolized to CO, by normal muscle was not significantly modified by 
nificantly | Wereasing the concentration of glucose in the medium, insulin still produced 
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an increase in glucose metabolism. Insulin did not cause a significant jp. 
crease in the amount of glucose from the medium recovered as CO, when 


diabetic muscle was incubated in any of the glucose concentrations tried, | 


The amount of glycogen synthesized by normal muscle with or without 
insulin was greater when the concentration of glucose in the medium was 
increased, but insulin still had an effect on glycogen synthesis at a level of 
300 mg. per cent of glucose in the medium. In contrast, the amount of 
glycogen synthesized by diabetic muscle in the absence of insulin was not 
increased as the glucose of the medium was increased, whereas the 
amount synthesized in the presence of insulin was increased slightly as 
the concentration of glucose in the medium was raised. At all glucog 
concentrations studied, insulin had a marked effect in increasing glycogen 
synthesis by diabetic muscle. 


DISCUSSION 


Although more questions have been raised than answered by the experi- 
ments described above, it is of interest to list the inferences which may be 
drawn from them. For comparison, the results obtained in the several 
experiments are collected in Fig. 1. 


First, it would appear that even in the excised rat diaphragm a meta. , 


bolic pool of glycogen precursors exists due to the finding that the specific 
activity of the glycogen carbon and of the carbon of the CO, recovered in 
the center well was less than the specific activity of the glucose carbon. 
Second, the effect of insulin in vitro is consistent with the Cori demon- 
stration that insulin activates hexokinase. The evidence presented for this 
rests on the increase in glucose utilization and in muscle glycogen resulting 
in all experiments upon the addition of insulin. In addition, insulin pro- 


duced an increase in the amount of tagged glucose recovered as CO» in all | 


experiments except those on muscle from diabetic animals. From this, it 
might be inferred that in all save the diabetic animals metabolism of glu- 
cose-6-phosphate to both glycogen and to CO: was facilitated due to a 
speeding up in its rate of formation. The reason for the absence of an in- 


} 


crease in metabolic CO, from glucose in the diabetic animals is unknow | 


and presents an interesting question worthy of further study. 

Third, the absence of the hypophysis resulted in an increase in glucose 
utilization, glycogen formation, and in the amount of glucose metabolized 
to CO.. By themselves, these observations would be consistent with the 
Cori experiments that hormones of the hypophysis and adrenals inhibit 
hexokinase and that insulin can neutralize this inhibition. However, this 
explanation would seem to be inadequate when we consider that insulit 
increased carbohydrate utilization, glycogen formation, and the amount 
glucose metabolized to CO; in muscle from animals which had been bot! 
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specific Fic. 1. The effect of insulin on the utilization of glucose by isolated diaphragm 
muscle. 0 = noinsulin added, + = insulin added,0.5 unit per ml. The height of the 
mM bar represents the amount of glucose disappearing from the medium; the black portion 
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represents the fraction metabolized to carbon dioxide, the stippled portion the 
demon- | fraction synthesized to glycogen, and the white portion the fraction unaccounted for 
for this | in these experiments. 
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Fourth, the absence of the adrenals resulted in an increase of glucoge 
utilization, but a decrease in glycogen formation. This could be ae. 
counted for by an inhibitory action of adrenal hormones on some engy. 
matic step between glucose-6-phosphate and CO: or by an acceleration 
of some side reaction, such as the reduction of pyruvate to lactate. 

Though avowedly an oversimplification, the observations presented 
above may be qualitatively expressed in the accompanying diagram. 

It remains for further study to bring more specific knowledge of the sites 
of action of the hormones of the pancreas, hypophysis, and adrenal glands, 
For the present, the Cori hypothesis would seem to be adequate if one in. 
cludes an additional inhibitory action by adrenal hormones at some point 
between glucose-6-phosphate and CO. 


We wish to express our thanks to Dr. A. K. Solomon of the Biophysical 
Laboratory for performing the C™ analyses and to Miss Kathleen White. 
house for her technical assistance. 


SUMMARY 


1. The glucose disappearance, glycogen synthesis, and metabolism of 
glucose to carbon dioxide by isolated rat diaphragm have been measured 
in muscle from normal, diabetic, adrenalectomized, hypophysectomized, 
adrenalectomized-hypophysectomized, and diabetic-adrenalectomized rats, 
In all types of animals, the addition of insulin increased the amount of glu- 
cose disappearing from the medium and the amount of glycogen synthe- 
sized. Insulin increased the amount of glucose carbon appearing in carbon 
dioxide in all but the diabetic diaphragm, in which the increase was not 
significant. When no insulin was added to the medium, the glucose utili- 
zation and glucose metabolized to carbon dioxide were lower than normal 
in muscle from diabetic rats and greater than normal in muscle from adre- 
nalectomized, hypophysectomized, and adrenalectomized-hypophysecto- 
mized rats. Glycogen synthesis when no insulin was added was lower than 
normal in muscle from diabetic and adrenalectomized rats and greater than 


normal in muscle from hypophysectomized, diabetic-adrenalectomized, and | 


hypophysectomized-adrenalectomized rats. 

2. The percentage of the glycogen synthesized by the diaphragm deriv of | 
from the glucose of the medium varied from 24 to 100 per cent. The dia- 
phragm can synthesize glycogen in vitro from precursors other than glucose: 
in experiments with a-labeled pyruvate as the substrate, an average of 13 
per cent of the new glycogen came from the pyruvate; in experiments with 


carboxyl-labeled acetate, however, the glycogen formed from acetate wa | 


less than 0.2 per cent. 
3. The individual carbon atoms of the glucose molecule are metabolized 
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to carbon dioxide at essentially the same rate, for the same results were 
obtained with either 3,4-labeled glucose or uniformly labeled glucose as 
the substrate. 

4, The rate of glucose utilization in both normal and diabetic muscle 
was increased when the concentration of glucose in the medium was in- 
ereased, and the addition of insulin increased the glucose utilization at all 
glucose concentrations used. 


5. The relation of these observations to the Cori hypothesis of the ac- 
tion of insulin is discussed. 
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THE INCORPORATION OF LABELED LYSINE INTO THE 
PROTEINS OF GUINEA PIG LIVER HOMOGENATE* 
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GEOFFREY KEIGHLEY, anp PETER H. LOWY 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, December 29, 1948) 


When C-labeled lysine is incubated with guinea pig liver homogenate, 
a-aminoadipic, a-ketoadipic, and glutaric acids are formed from the lysine 
(1). These transformations were established by finding the radioactivity 
of the C* tracer in the metabolic products. The homogenate proteins 
coagulated by boiling at pH 5 also contained radioactivity. The counts 
given by the proteins corresponded to about 0.02 to 0.03 per cent of that 
added as lysine; the extent of lysine incorporation into the proteins was of 
the same order of magnitude as Melchior and Tarver (2) had found after 
incubating S*-labeled methionine and Winnick ef al. (3, 4) C'*-labeled 
glycine with rat tissue homogenates. Yet we could not satisfy ourselves 
that the radioactivity remaining in the proteins in our experiments, al- 
though it persisted through exhaustive extraction, did not come from 
traces of adsorbed radioactive lysine. Some counts were found in the 
protein when the homogenate was boiled prior to incubation with isotopic 
lysine. 

The practical solution to the problem, it seemed, was to find experi- 
mental conditions in which very much more of the radioactivity added as 
lysine would remain in the protein after thorough washing, and little or 
no radioactivity in the protein of the controls; then we could conclude 
that the lysine was incorporated into the protein molecule and not ad- 
sorbed. The question of the mode of linkage would remain open. 

Eventually two sets of conditions were found in which relatively large 
amounts of labeled lysine are incorporated into the proteins. In the one 
case, with the whole homogenate as the enzyme system, the optimum pH 
isin the neighborhood of 6.1, and calcium is required, the optimum concen- 
tration being above 0.003 m; the reaction proceeds hardly at all without the 
addition of calcium. In the other case the enzyme system was the centrif- 
ugate obtained by centrifuging the diluted homogenate at 2500g; we 


* This work is a part of that done under contract with and joint sponsorship of the 
Office of Naval Research, United States Navy Department, and the United States 
Atomic Energy Commission. The C"‘ used in this investigation was supplied by the 
Monsanto Chemical Company, Clinton Laboratories, Oak Ridge, Tennessee, and 
obtained on allocation from the United States Atomic Energy Commission. 


689 








690 LABELED LYSINE IN LIVER PROTEINS 


shall refer to it as the sedimented fraction. The favorable condition when 
the sedimented fraction is used is at about pH 7.3; it is nearly inoperative 
at the optimum pH region (6.1) of the whole homogenate; it is not de- 
pendent on added calcium, though it is accelerated a little by calcium 
added to a final concentration of 0.004 m. The evidence points to either 
two different reactions or to two enzyme systems or substrates which 
incorporate labeled lysine. 

In 2 hours at 38° in the whole homogenate reaction at pH 6.1 with a 
calcium concentration above 0.003 M, 3 per cent of the added radioactivity 
was incorporated into the mixed proteins, and 0.22 per cent of the lysine 
in the proteins was labeled. When the sedimented fraction was used at 
pH 7.3, in 2 hours at 38° 3 to 5 times as much labeled lysine were incor- 
porated into the proteins as with the whole homogenate. These figures 
correspond to rates respectively 60 and more than 200 times faster than 
any reported hitherto on the incorporation of a labeled amino acid into the 
proteins of tissue homogenate (2-4). It is at the lower limit of the values 
found when tissue slices (2, 5-7), tissue segments (8), or resting bacteria 
(9) were incubated with labeled amino acids. Weissman and Schoen- 
heimer (10) found after feeding labeled lysine to the rat that in 4 days 13.4 
per cent of the lysine in the proteins was derived from the isotope. This 
rate of 0.14 per cent per hour is about the same as in the guinea pig liver 
whole homogenate under our best conditions. 


Preparations 


L- and p-lysine labeled with C™ in the ¢ position were prepared by methods 
described in a previous communication (1). These were diluted before use 
with the normal (i.e. not radioactive) isomers. 


Procedure 


The livers used in these experiments were taken from commercially 
procured adult guinea pigs, kept without food for 20 hours before use, 
killed by stunning, and bled thoroughly. The liver was washed in ice- 
cold saline and, without dilution with saline, minced in a Waring blendor 
for 1} minutes, then homogenized in the apparatus of Potter and Elvehjem 
(11), and finally strained through two layers of cheese-cloth. By using 
undiluted homogenate a relatively large amount of tissue could be con- 
tained in a small volume of reaction mixture (0.5 ml. was quite convenient) 
and we could thus economize on labeled lysine. 

The sedimented fraction was prepared as follows: the homogenate was 
suspended in 15 times its volume of ice-cold Krebs-Henseleit Ringer's 
solution (12) modified to contain twice the amount of bicarbonate. It 
was centrifuged in a refrigerated centrifuge at 500g for 3 minutes, and 











en 
ve 
le- 
im 
ler 


ich 


na 
ity 
ine 
| at 


res 
han 

the 
lues 
eria 
oen- 
13.4 
This 
liver 


hods 
e use 


cially 
» Use, 
n ice- 
endor 
shjem 
using 
2 con- 
nient) 


te was 
inger's 
te. It 
S, and 


BORSOOK, DEASY, HAAGEN-SMIT, KEIGHLEY, AND LOWY 691 


the supernatant solution decanted off and centrifuged at 2500g for 15 
minutes. The resulting supernatant solution was discarded, and the 
sediment was resuspended in a volume of the modified Ringer’s solution 
equal to that of the diluted homogenate originally used and again centri- 
fuged at 2500g for 15 minutes. 

The viscous sediment was loosened and mixed and used as such or after 
mixing with a saline-bicarbonate solution. This fraction contained nuclei, 
mitochondria, submicroscopic granules, red cells, and probably some débris 
(13). We intend later to study the incorporation of lysine (labeled) into 
the separate nuclear, mitochondrial, submicroscopic granular, and cyto- 
plasmic fractions. 

The reaction mixtures were made up in Krebs-Henseleit Ringer’s 
solution modified as indicated in the protocols. 

The reaction mixtures were made up in 20 ml. Pyrex beakers and incu- 
bated at 38° in the apparatus of Dubnoff (14). At the end of an experi- 
mental run the contents of each beaker were transferred to a 250 ml. beaker 
with 80 ml. of water, the small clumps broken with a stirring rod, and then 
20 ml. of 35 per cent trichloroacetic acid added. After standing overnight 
at room temperature the precipitated protein was washed either by filtra- 


_ tion or by repeated centrifugation. Both methods gave the same results. 


In the filtration procedure the protein was filtered with suction onto a 


| weighed circle of filter paper on a coarse sintered glass filter. After all the 
| solution had passed through, the protein remaining on the filter was washed 
_ with six 50 ml. portions of 7 per cent trichloracetic acid, sucked dry after 


each addition, and then washed with three 50 ml. portions of water; the 
water was then removed by washing three times with 95 per cent ethanol 
followed by ether. The proteins were dried in a vacuum desiccator over 
slid NaOH. The centrifugation procedure was as follows. The next 
day, after the protein had been precipitated with 7 per cent trichloro- 
acetic acid, most of the clear supernatant solution was removed by gentle 
suction. The remaining suspension was transferred to a weighed 15 ml. 


_ thick walled test-tube and centrifuged. The supernatant solution was 
| poured off, and the sediment resuspended and broken up in about 12 ml. 


————————— 
—————— 





of 7 per cent trichloroacetic acid and centrifuged again. This was re- 
peated nine times with trichloroacetic acid and twice with acetone. The 
protein remaining in the test-tube was then dried in an air-bath at 55°. 
When there are many protein samples to be washed, the latter procedure is 
less time-consuming and requires less trichloroacetic acid. The efficacy of 
either washing procedure is attested to by the very low or negative radio- 
activity of the proteins in the controls and when certain inhibitors were 


The protein, after it was dry, was weighed and ground to a fine powder. 
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For the measurement of its radioactivity 20 mg. were spread evenly on an 
aluminum plate over a circle 19 mm. in diameter marked on it. Toward 





the end of the work reported here the circle was cut into the plate as q | 
shallow depression; the spreading of the protein was easier and more even, | 


The thickness of the counting samples was thus 7.05 mg. per sq. cm. The 
method of measuring the radioactivity was the same as in previous experi. 


TABLE I 


Influence of Hydrogen Ion Concentration on Incorporation of Labeled Lysine into 


Proteins of Guinea Pig Liver Homogenate 





| 








| Concentra- | iB 
_ |tion of added uffer con- | Counts 
mest) “Cxcipin”| Baer | getrtion | Pot | cas mistare | Ht sod | rine 
mixture mixture 
molal molal | poy 
1 0.0006 NaHCO, 0.009 O: Gu 0.08 
0.0006 - 0.009 “ + CO, , 0.2 
0.0006 = 0.005 : - 6.8 | 0.4 
0.0006 i 0.005 “ + CO, 6.6 | 0.55 
0.0006 | None “4 « 6.6 | 0.60 
0.0006 | Phosphate | 0.011 | 6.6 | “+ “ 6.6 | 0.6 
0.0006 r 0.011 6.0 yl. San 6.4 | 0.8 
0.0006 om 0.011 4.5 —_ 6.1 1.0 
2 0:003 NaHCO; 0.009 wip & 2 ae 
0.003 Phosphate | 0.011 6.6 “4+ 6.5 1.35 
0.003 Psd) 0.011 6.0 il | thie 6.4 it 
0.003 “ 0.011 | 5.7 | “+ “ 6.15 | 2.3 
0.003 re 0.011 5.6 at Th. 6.05 2.4 
0.003 Succinate 0.002 5.8 a ee 6.05 2.4 
0.003 | Phosphate | 0.011 | 4.5 | “+ « 5.7 1.45 




















Reaction mixtures incubated at 38° for 2 hours; 0.51 ml. containing 0.01 ml. of 
Ringer’s solution without bicarbonate at pH 6.0 with 0.03 m CaCl, in Experiment! 
and 0.15 m in Experiment 2; 0.1 ml. of buffer solution; 0.1 ml. of Ringer’s solution 
without bicarbonate adjusted to pH 6.5 containing 1.6 mg. of L-lysine dihydrochlo- 
ride (6100 counts per minute per mg.) ; and 0.3 ml. of undiluted homogenate. The pH 
values at the end of the run were after the addition of 4 ml. of water. 


ments (1). All the values given are corrected for self-absorption and are 
the averages of duplicates or triplicates; the individual values did not vary 
from the average by more than +10 per cent. 


All the glassware and the saline solutions were sterilized before use by 


autoclaving for 20 minutes under 15 pounds steam pressure. 


Results 


Influence of Hydrogen Ion Concentration—The use of undiluted liver 
homogenate permitted only approximate pH control. The pH of the 
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homogenate immediately after its preparation varied between 6.9 and 7.1. 
It became acid during incubation whether under 100 per cent oxygen or 
95 per cent oxygen and 5 per cent carbon dioxide. The desired final pH 
was attained approximately by addition of buffers and incubation under 
either pure oxygen or 95 per cent oxygen plus 5 per cent carbon dioxide. 
It was found in separate trials that the pH found after incubation at 38° 
for 2 hours had been attained within half an hour. 

The data in Table I show that when the whole homogenate was used the 


proteins gave the highest number of counts when the final pH of the re- 


TABLE II 


Influence of Hydrogen Ion Concentration on Incorporation of Labeled Lysine into 
Proteins of Sedimented Fraction of Guinea Pig Liver Hemngeneta: 

















4 ; , . | ee | = Counts per 
Buffer in which sedimented fraction was suspended | .oainented| ©@S mixture | Final pH |min. per mg. 
| fraction protein 
Succinate, 0.025 m | 5.5 | Os + CO, 5.3 0.3 
* 0.025 “ | 6.0 oh we) ee | 0.5 
Ringer's solution without NaHCO; | 6.7 Pee | @ae lh ae 
- containing 0.23% Terese « | Fe 3.9 
NaHCO; | 
Same 7.5 wae | 7.3 4.4 
Ringer’s solution containing 0.38% 7.9 we lie 7.8 3.6 
NaHCO; 
Same os i “+ “ | 8.1 3.4 
* 8.85 ” | 8.8 3.0 

















Reaction mixtures incubated at 38° for 2 hours; 0.51 ml. containing 0.01 ml. of 
Ringer’s solution without bicarbonate at pH 6.0 with 0.2 m CaCl.; 0.1 ml. of Ringer’s 
solution without bicarbonate at pH 6.5 containing 1.6 mg. of L-lysine dihydrochloride 
(6100 counts per minute per mg.); 0.4 ml. of the sedimented fraction diluted with 
half its volume of buffer solution, its initial pH adjusted, and incubated under the 


gas mixture indicated. The pH values at the end of the run were after the addition 
of 4 ml. of water. 


action mixture was near 6.1. Whether bicarbonate, phosphate, fumarate, 
or succinate was used as a buffer, or whether the reaction was carried out 
under 100 per cent oxygen or 95 per cent oxygen plus 5 per cent carbon 
dioxide, the number of counts in the protein at any given pH was the 
same. 

The optimum pH with the sedimented fraction was at, or near, 7.3 
(Table II). At the optimum pH nearly twice as many counts per mg. of 
protein were found in the proteins of the sedimented fraction as in those of 
the whole homogenate. Some of the counts obtained in the whole ho- 


mogenate near or above pH 7 undoubtedly came from components of the 
sedimented fraction. 
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Influence of Calcium Concentration—Table III shows the influence of the 
concentration of calcium added to the reaction mixture. With the whole 
homogenate the counts in the protein were greater the greater the concen- 
tration of added calcium chloride up to a final concentration of 0.004 x; 
this was the case at hydrogen ion concentrations below and above the 


Taste III 


Influence of Concentration of Calcium on Incorporation of Labeled Lysine into Proteing 
of Guinea Pig Liver Homogenate 














Concentra-| | ‘ 
Raggeent Homogenate fraction used ndded Cac Initial 7s Pe oy ri 

mixture 
molal 

1 | Whole, initial pH 6.9 | None 4.5 6.1 | 09 

“ « —« 6.9 | 0.001 4.5 a |S 

= . “2 0.002 4.5 6.1 | 2.0 

2 “ “ 6.9 0.003 4.5 o8.| 3a 

ss « “6.9 | 0.004 4.5 6.0 | 2.5 

wad “ “ 6.9 0.005 4.5 6.0 2.6 

ui ng “ 6.9 0.01 4.5 6.0 | 2.6 

2 “ “  « §.9 | 0.003 6.4 6.4 | 1.2 

_ « © 6.9 | 0.0006 6.4 6.4 | 0.4 

‘* as 7 ee 0.003 6.4 I es 

‘ “ © 5.9 | 0.0006 6.4 6.2 | 0.5 

is 3 alee | 0.003 4.5 55 | ta 

se = 7 ek 0.0006 4.5 5.6 0.5 

3 Sedimented fraction, 0.004 | No buffer used 71.6 | 
initial pH 7.8 

Same Ey eee thy 7.6..1,.48 














Reaction mixtures incubated under 95 per cent O; and 5 per cent CO» at 38° for2 
hours; 0.51 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate at pH 
6.0 with CaCl, 51 times the final concentration given; 0.1 ml. of 0.05 m phosphate 
buffer; 0.1 ml. of Ringer’s solution without bicarbonate at pH 6.0 containing 1.6 mg. 
of L-lysine dihydrochloride (6100 counts per minute per mg.); 0.3 ml. of undiluted 
homogenate or 0.4 ml. of sedimented fraction after dilution with an equal volume of 
Ringer’s solution containing 0.38 per cent sodium bicarbonate. The pH values at 
the end of the run were after the addition of 4 ml. of water. 


optimum. There is practically no further augmenting effect of calcium 
above 0.004 m; 0.01 m calcium chloride is not inhibitory; we have not 
explored the effect of higher concentrations. 

The calcium content of guinea pig liver reported in the literature ranges 
from 0.5 to 14.9 mg. per cent (15-17). The lowest concentration of added 
calcium which permitted a maximum number of counts in the protein was 
near 0.004 m or 16 mg. per cent. Changes in calcium content, and & 
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the pecially in the portion not combined with fatty acids, may, therefore, affect 
role | significantly the incorporation of lysine in the proteins of the liver. 
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2.6 INITIAL CONCENTRATION OF ISOTOPIC LYSINE: 
2.6 MG. PER ML. IN REACTION MIXTURE 
1.2 Fic. 1. Reaction mixtures incubated under 95 per cent O, and 5 per cent CO; at 
).4 38° for 2 hours. Curve I, 1.01 ml. of the reaction mixtures containing 0.3 ml. of 
7 | Ringer’s solution without bicarbonate; 0.01 ml. of Ringer’s solution adjusted to pH 
0.5 | 6.0, without bicarbonate but with 0.06 m CaCl; 0.1 ml. of Ringer’s solution, adjusted 
1.1 to pH 6.0, without bicarbonate, containing the radioactive L-lysine (18,300 counts per 
0.5 ) minute per mg.); 0.6 ml. of undiluted homogenate. After incubation, following the 
4.0 addition of 4 ml. of water, all mixtures were at pH 6.6. Curve II, 0.51 ml. containing 
0.01 ml. of Ringer’s solution adjusted to pH 6.0, without bicarbonate but with 0.05 m 
3.3 CaCl; 0.1 ml. of 0.05 m phosphate buffer at pH 6.0; 0.1 ml. of Ringer’s solution ad- 
5° for? justed to pH 6.0, without bicarbonate, containing the radioactive L-lysine (18,300 
at pH counts per minute per mg.); and (@) 0.3 ml. of undiluted homogenate, (+) 0.3 ml. 
sphate of homogenate diluted 1:1 with Ringer’s solution without bicarbonate. After incu- 
1.6 mg. } bation, following the addition of 4 ml. of water, all mixtures were at pH 6.4. Curve 
diluted III, 0.51 ml. containing 0.01 ml. of Ringer’s solution adjusted to pH 6.0, without bi- 
waaay" carbonate but with 0.15 m CaCl,; 0.1 ml. of 0.05 m phosphate buffer, pH 4.5; 0.1 ml. of 
heart Ringer’s solution without bicarbonate, adjusted to pH 6.0, containing the radioactive 
| tlysine (9150 counts per minute per mg.); and (@) 0.3 ml. of undiluted homogenate, 
(+) 0.3 ml. of homogenate diluted 1:1 with Ringer’s solution without bicarbonate, 
eels and (X) 0.3 ml. of homogenate diluted 1:2 with Ringer’s solution without bicarbon- 


ate. After incubation, following the addition of 4 ml. of water, all mixtures were at 
ve not | pH62. 


ranges Table III shows that the effect of added calcium was much less on the 
added sedimented fraction than on the whole homogenate. Dounce and Beyer 
cin was (18) give the concentration of calcium in rat liver nuclei as 2.3 X 10- 


and es gm. per 100 gm., wet weight, or approximately 6 X 10-'m. On the assump- 
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tion that the concentration in guinea pig liver nuclei is similar, and jn 
view of the results with the whole homogenate, it seems unlikely that the 
lesser effect of added calcium on the sedimented fraction was because its 
calcium concentration was high initially. 

Influence of Concentration of Lysine—The count per mg. of the proteins 
of the whole homogenate was close to a linear function of the initial con- 
centration of labeled lysine (Fig. 1). 

This result was obtained at pH 6.2, 6.4, and 6.6, and with 0.00049, 
0.00059, and 0.0029 molal final concentrations of added CaCl. Provided 
the lysine, the CaCl, concentration, and the pH were kept constant, the 
subsequent count per mg. of the proteins was independent of the concen- 
tration of the homogenate. 


TABLE IV 


Effect of Total Amount of Labeled Lysine Available on Rate of Its Incorporation into 
Proteins of Sedimented Fraction of Guinea Pig Liver Homogenate 


t-Lysine dihydro- | 


Ss ae : ’ : Total volume of Counts per mi 
0.4 uw CaCl 5 a a 16 | Ringer s solution reaction mixture per ner gerd 
ml. ml. ml. ml. 
0.01 0.1 0 0.51 3.3 
0.02 0.2 0.4 1.02 6.7 
0.04 0.4 1.2 2.04 10.5 








The sedimented fraction (0.4 ml.) was used undiluted in this experiment. The 
CaCl, and lysine solutions were made up in Ringer’s solutions without NaHCO; and 
adjusted to pH 6.0. The specific activity of the L-lysine dihydrochloride was 6100 
counts per minute per mg. The Ringer’s solution used for dilution contained 0.38 
per cent NaHCO;. The reaction mixtures were incubated under a mixture of 95 per 
cent O2 and 5 per cent CO; at 38° for 2hours. The pH at the end of therun after the 
addition of 4 ml. of water was in every case 7.55. 


When the sedimented fraction was used, the count per mg. of protein was 
dependent on the total amount of labeled lysine in the whole volume of 
the solution and not on its concentration (Table IV). Thus with a 4-fold 
increase in the volume of the reaction mixture with the initial labeled 
lysine concentration constant and the amount (but not the concentration) 
of sedimented fraction the same, the count per mg. of the protein was 
greater the greater the volume of the reaction mixture, 7.e. the more labeled 
lysine made available to the sedimented fraction. 

Progress of Reaction with Time in Whole Homogenate—The count per 
mg. of the protein attains, at 38°, its maximum in about 2 hours (Fig. 2). 
One factor which may be responsible for the rapid slowing down of the 
reaction is that a large fraction of the added lysine disappears. The 
major product (we have not yet identified it) is neither a-aminoadipi¢ 
acid nor an immediate metabolic product of the latter. 
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The evidence for an additional factor which may be responsible for the 
cessation of the reactien was obtained in other experiments. After 2 
hours incubation with labeled lysine, when the reaction had come nearly 
toa stop, the protein gave 2.4 counts per minute per mg. At this point 
the concentration of the isotope was increased to 4 times the initial value. 
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Fic. 2. Reaction mixtures incubated under 95 per cent O2 and 5 per cent CO, at 
38°. Curve I, 0.51 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate 
at pH 6.0 with 0.03 m CaCl.; 0.1 ml. of 0.05 m phosphate buffer at pH 6.0; 0.1 ml. of 
Ringer’s solution without bicarbonate adjusted to pH 6.0 containing 0.26 mg. of radio- 
active L-lysine dihydrochloride (12,200 counts per minute per mg.); 0.3 ml. of un- 
diluted homogenate. After incubation, following addition of 4 ml. of water, all 
mixtures were at pH 6.4. Curve IT, 0.51 ml. containing 0.01 ml. of Ringer’s solution 
without bicarbonate at pH 6.0 with 0.25 m CaCl; 0.1 ml. of 0.05 m phosphate buffer at 
pH 4.5; 0.1 ml. of Ringer’s solution adjusted to pH 6.0, with bicarbonate, containing 
2.13 mg. of L-lysine dihydrochloride (6100 counts per minute per mg.); 0.3 ml. of un- 
diluted homogenate. After incubation, following addition of 4 ml. of water, all mix- 
tures were at pH 6.2. The zero counts shown at zero time in Curves I and II are 
experimental determinations. 


After another 2 hours incubation the count would be expected to be in- 
creased 4-fold in view of the almost linear relation between protein count 
and initial concentration of labeled lysine (Fig. 1), if the reaction system 
were in the same state after 2 hours as at the beginning. The count found, 
however, was only 3.7 per minute per mg. The increase was only 33 
instead of the expected 400 per cent. Among the possible explanations, 
one is that most of the enzymatic activity is lost after 2 hours incuba- 
tion; another is that the reaction is not an exchange of lysine in the protein 
but.a combination to saturation at loci on the protein capable of combining 
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with lysine, and that after 2 hours incubation with the initial addition of 
lysine it is nearly saturated. The almost linear relation in Fig. 1 argues 
against the latter interpretation, but it is not decisive. 

Controls and Inhibitors—Boiling destroys most of the enzymatic activity 
in both the whole homogenate and in the sedimented fraction (Table V), 


TABLE V 


Effect of Boiling Homogenate Fraction and of v- instead of t-Lysine on Incorporation 
of Labeled Lysine into Proteins of Guinea Pig Liver Homogenate 














Treatment of ; Concentra- Bhi 
~~ Homogenate fraction used Phe ng ot i isomer added C ach pH at end min oe a 
incubation siekeed | protein 
molal 
1 Whole homogenate None L 0.0029 6.1 | 2.5 
«“ “ Boiled | “ | 0.0029 | 6.1 0.04 
2 a a None | “ | 0.00059} 6.5 | 1.2 
a a Boiled | “ | 0.00059] 6.5 | 0.08 
3 " * None | “ | 0.0029 | 6.1 | 2.5 
a a ie | pv |0.0020 | 6.1 | 0.6 
4 « a | o« | wu | 0.00089} 6.5 | 1.2 
« « ) « | p | 0.00059/ 6.5 | 0.5 
& | Sedimented fraction | “ | uw {0.00390 | 6.8 | 3.0 
" . | Boiled | “ | 0.0039 | 6.8 | 0.1 
6 “ a“ | None | “ |0.0089 | 7.8 | 3.65 
“ « | Boiled | “ | 0.0039 | 7.8 | 0.2 














Reaction mixtures incubated under 95 per cent O, and 5 per cent CO, at 38° for 2 
hours; 0.51 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate at pH 
6.0 with CaCl, 51 times the molalities given; 0.1 ml. of 0.05 mt phosphate at pH 4.5 
in Experiments 1 and 3, and at pH 6.0 in Experiments 2 and 4; 0.1 ml. of Ringer’s 
solution without bicarbonate at pH 6.5 containing 1.6 mg. of L- or p-lysine dihydro- 
chloride (12,209 counts per minute per mg. in Experiments 1 and 4, and 6100 counts 
per minute per mz. in the others) ; 0.3 ml. of undiluted homogenate in Experiments | 
to 4, 0.4 ml. of sedimented fraction after dilution with half its volume of Ringer’s 
solution without bicarbonate and adjusted to pH 7.0 in Experiment 5, but with 0.38 
per cent sodium bicarbonate and adjusted to pH 7.9in Experiment 6. The pH values 
at the end of the run were after the addition of 4 ml. of water. 


The procedure in this test was to transfer the whole homogenate or the 
sedimented fraction to the reaction vessel, immerse it in a boiling water 
bath for 15 minutes, cool, add the other components of the reaction system, 
stir them together thoroughly with a stirring rod, and then incubate. 
It will be noted that Table V ascribes some residual activity to the heated 
preparations. In the case of the whole homogenate the values given were 
not significantly above the background count;! they were significantly 
above the background in the boiled sedimented fractions. 


1A sample is usually counted for 30 minutes. The background count in this 
interval is about 330. We do not consider a sample to have a count significantly above 
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The proteins gave some counts when p-lysine was used instead of L- 
lysine (Table V). ‘The count was always much less than in the corre- 
sponding L experiment, and could be accounted for largely by the 7 to 15 
per cent? of the L form in the D preparation used. From the results of 
feeding experiments (19) it would be expected that isotopic p-lysine would 
not be incorporated, if the sole reason for the indispensability of lysine is 
its incorporation into protein. 

The experiments with boiled whole homogenate and sedimented fractions 
were also a check on the efficacy of the procedure used to wash out labeled 
lysine, which was not combined with protein. The zero counts at zero 
time shown in Fig. 1 provided evidence to the same effect. The experi- 
ments with labeled p-lysine served this purpose also to some extent. 

Table VI summarizes experiments on the effects of anaerobiosis and of 
some oxidation inhibitors. Anaerobiosis does not inhibit the incorporation 
of lysine into the proteins of the whole homogenate; it does so, but only 
incompletely, in the sedimented fraction. 0.02 m fluoride inhibits almost 
completely in the whole homogenate and only slightly in the sedimented 
fraction. Arsenate, arsenite, azide, cyanide, and dinitrophenol (all in 
0.001 m concentration) inhibit in the whole homogenate to varying degrees, 
all short of completion, and less so or not at all in the sedimented fraction. 
Similar results were obtained with the whole homogenate with the different 
inhibitors whether the concentrations of calcium and of hydrogen ion were 
optimum or suboptimum. 

The fluoride inhibition in the whole homogenate was examined in more 
detail (Table VII). The results with 0.01 m fluoride show that fluoride 
was more effective at pH 6.2 than at 6.6. Rothschild (20) observed that 
fluoride inhibition of lipase was greater the lower the hydrogen ion concen- 
tration. Runnstrém and Sperber (21) found the same on the fermentation 
and respiration of yeast, and Warburg and Christian (22) on enolase. 

Experiment 2 in Table VII was designed to test whether calcium and 
fluoride bear the same relation to the enzyme system in the whole ho- 
mogenate as do magnesium and fluoride to enolase. Warburg and 
Christian showed that magnesium ion activates enolase and also increases 
the inhibition by fluoride. Their interpretation was that magnesium ion 
forms an enzymatically active complex with enolase protein and that 
magnesium, fluoride, and enolase protein form an inactive complex. Ina 
quantitative study of the inhibition they found, in support of their inter- 
pretation, an equilibrium constant between the concentration of mag- 





the background unless its excess over the background is more than 3 times the 
standard deviation of the latter, in practice, 14 counts per minute or more. 

* The optical rotation of the u preparation was [alp = +15.95°, in water, c = 5.46; 
and of the p preparation, [alp = —13.5°, in water, c = 4.47. The latter figure was 
the less reliable, as we had only a little of the p preparation. 
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TABLE VI 


Effect of Oxidation Inhibitors on Incorporation of Labeled Lysine into Proteins of 
Guinea Pig Liver Homogenate 














Experiment, of added CaCls bi “| Inhibitor, concentration in reaction Be sen a ol Degree of 
No. | a fan | mixture protein | inhibition* 
molal | | | per cent 
1 0.00059 | 6.5) None ethane 
0.00059 |6.5| Anaerobiosis a 
2 0.0049 6.6| None boo 80 | 
0.0049 6.6 Anaerobiosis | i 5 
0.0049 |6.6| Sodium arsenate (0.001 m) 0.59 | 27 
0.0049 6.6 “ arsenite (0.001 “) a 
0.0049 6.6 “ azide (0.001 “) 0.46 | 43 
0.0049 6.6 Potassium citrate(0.005 “) 0.82 | 0 
0.0049 |6.6| Sodium cyanide (0.001) | 0.70 | 14 
0.0049 6.6 " fluoride (0.02 m) 0.04 | 95 
3 0.0049 6.2 None 2.5 | 
0.0049 6.2 Anaerobiosis 2.4 | 4 
0.0049 6.2 Sodium arsenate (0.001 m) 1.9 | 24 
0.0049 6.2 “ arsenite (0.001 “) 1.2 | 52 
0.0049 6.2 . azide (0.001 “) 2.0 | 20 
| 0.0049 6.2 “fluoride (0.02 m) 0.1 96 
| 0.0049 |6.2| Dinitrophenol (0.001 ) me 
4 | 0.0039 7.7 None 5.1 
| 0.0039 ee Anaerobiosis 3.9 | 24 
| 0.0039 |7.7| Sodium arsenate (0.001 m) Bie de of 
/ 0.0039 Ay . arsenite (0.001 “) 5.1 0 
0.0039 7.7 “azide (0.001 “) 4.7 8 
0.0039 Toa “fluoride (0.02 m) 4.4 14 
0.0039 7.7| Dinitrophenol (0.001 m) 5.4 0 








Reaction mixtures incubated at 38° for 2 hours. The aerobic experiments were 
incubated under 95 per cent O2 and 5 per cent CO2; the anaerobic experiments under 
95 per cent N2 and 5 per cent CO.. 0.52 ml. of the reaction mixtures containing 0.0! 
ml. of Ringer’s solution without bicarbonate at pH 6.0 with CaCl, 51 times the con- 
centration given; 0.1 ml. of 0.1 Mm phosphate buffer at pH 6.0 in Experiments | and2 
and at pH 4.5 in Experiment 3; 0.1 ml. of Ringer’s solution without bicarbonate at 
pH 6.0 containing 1.6 mg. of L-lysine dihydrochloride (12,200 counts per minute per 
mg. in Experiment 1, and 6100 counts in Experiments 2 to 4); 0.3 ml. of undiluted 
whole homogenate in Experiments 1 to 3, and 0.4 ml. of sedimented fraction after 
dilution with half its volume of Ringer’s solution containing 0.38 per cent sodium 
bicarbonate and its pH adjusted to 7.9 in Experiment 4; 0.01 ml. of Ringer’s solution 
without bicarbonate at pH 6.0 with the inhibitors 51 times the molalities given. The 
pH values at the end of the run were after the addition of 4 ml. of water. 

* (Counts without inhibitor) — (counts with inhibitor) 
(Counts without inhibitor) 





xX 100. 


nesium and fluoride ions and the degree of inhibition. Najjar (23) found 
the same relations between magnesium, fluoride, and phosphoglucomutast 
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activity, and gave the same interpretation. The data in Experiment 2 of 
Table VII show that the degree of inhibition by 0.01 m fluoride was the 
same in 0.005 M asin 0.001 Mcalcium. A calcium-fluoride-enzyme complex, 
which is inactive, as an explanation of the fluoride inhibition appears, 
therefore, to be excluded. 

The following metabolites and salts neither accelerated nor inhibited 
the reaction in the whole homogenate, at either pH 6.6 with 0.0006 m 


TaBLe VII 


Inhibiting Effect of Fluoride on Incorporation of Labeled Lysine into Proteins of Guinea 
Pig Liver Homogenate 




















| Concentration of NaF | _ Coll 
Bxpetiment No, | added CaCl in. | concentration ig pHT at end of run, Germg. protein | — inktbition 
molal molal per cent 
1 | 0.00059 None 6.6 1.21 
| 0.00059 0.02 6.6 0.04 97 
0.00059 0.01 6.6 0.64 47 
0.00059 0.0025 6.6 0.94 22 
| 0.00059 0.001 6.6 1.22 0 
2 | 0.0049 None 6.2 1.99 
0.0049 0.02 6.2 0.12 94 
0.0049 0.01 6.2 0.69 65 
0.001 None 6.2 0.83 
0.001 0.02 6.2 0.08 96 
0.001 0.01 6.2 0.30 64 








Reaction mixtures incubated under 95 per cent O, and 5 per cent CO; at 38° for 2 
hours; 0.52 ml. containing 0.01 ml. of Ringer’s solution without bicarbonate at pH 
6.0 with CaCl, 51 times the molality given; 0.01 ml. of Ringer’s solution without 
bicarbonate at pH 6.0 with sodium fluoride 51 times the molality given; 0.1 ml. of 
0.05 m phosphate buffer at pH 6.0 in Experiment 1 and at pH 4.5 in Experiment 2; 
0.1 ml. of Ringer’s solution without bicarbonate at pH 6.0 containing 1.6 mg. of 
L-lysine dihydrochloride (12,200 counts per minute per mg. in Experiment 1, and 6100 
counts per minute per mg. in Experiment 2); 0.3 ml. of undiluted homogenate. The 
pH values at the end of the run were after the addition of 4 ml. of water. 


added CaCl, or at pH 6.1 with 0.003 m added CaCl, nor did they relieve 
either the fluoride or arsenite inhibitions (the figures in parentheses are 
fnal concentrations in the reaction mixture): adenosine triphosphate 
(0.001 m), coenzyme I (20 mg. per cent), potassium citrate (0.005 m), 
creatine (200 mg. per cent), cysteine (0.005 m), cytochrome (65 mg. per 
cent), fumarate (0.005 m), p-glucose (100 mg. per cent), glucose-1-phos- 
phate (75 mg. per cent), glutathione (300 mg. per cent), glycerophosphate 
(0.005 m), hexose diphosphate (180 mg. per cent), a-ketoglutarate (0.005 to 
0.01 m), oxalacetate (0.005 M, slightly inhibitory), 2-phosphoenolypyruvate 
(0.005 m), 3-phosphoglycerate (0.005 m), pyridoxal phosphate (50 to 250 
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mg. per cent), pyridoxine (1 to 10 mg. per cent), pyruvate (0.005 m), 


CoC, (0.00005 to 0.0005 m), CuCl, (0.0005 to 0.005 m), MgCle (0.0005 to 
0.005 m), MgSO, (0.00005 to 0.0005 m), MnCl, (0.0005 to 0.005 m), ZnCl, 
(0.0005 to 0.005 m). Replacement of all the sodium by potassium salts 
and vice versa in the Ringer’s solution similarly neither accelerated nor 
inhibited the reaction. 

We investigated whether the counts in the proteins of the whole ho. 
mogenate were incorporated as lysine or in some other form. 300 mg. of 
the protein, giving a total of 360 counts per minute, were hydrolyzed by 
refluxing for 20 hours with 20 per cent hydrochloric acid. The lysine was 
isolated as the picrate by Block’s modification (24) of the Kossel pro. 
cedure: this is a specific and standard method for the isolation of lysine, 

The lysine picrate isolated gave, after one recrystallization from water, 
the following elementary analysis. 


C,2Hi705Ns5. Calculated. C 38.36, H 4.57, N 18.66 
375.30 Found. 38.99 * 4.47, “ 18.46 


The picrate gave 20 counts per minute per mg. of lysine; further re- 
crystallization did not change this count. According to Block and Bolling 
(24) the lysine content of liver proteins is 6.3 per cent. On the basis that 
all the counts in the protein came from the lysine, its 360 counts correspond 
to a “calculated” count of its lysine of 19 counts per minute per mg., which 
is the value found in the lysine isolated, within the accuracy of the measure- 
ment. 

Another portion of the protein was hydrolyzed in the same manner and 
then precipitated with phosphotungstic acid. The precipitate gave 330 
counts per minute; the protein before hydrolysis gave 360 counts; the 
filtrate from the phosphotungstic precipitate gave no counts. 

On the basis of the foregoing data the lysine incorporated accounted 
for all the radioactivity of the protein. 

A measure of the extent to which a labeled amino acid is incorporated 
into a protein is the fraction of that amino acid isolated from the protein 
found to be carrying the label. In the foregoing instance the lysine is0- 
lated gave 20 counts per minute per mg. The lysine added to the ho 
mogenate gave 9150 counts per minute per mg. 20/9150 X 100 or 0.22 
per cent of the lysine in the protein was, therefore, labeled. Nearly all of 
this incorporation occurred in the Ist hour of incubation (Fig. 2). 


DISCUSSION 


Studies we have now in hand with labeled leucine and glycine caution 
against generalizing from the findings on labeled lysine to the incorporatiot 
of other amino acids into homogenate proteins. Leucine and glycile, 
under the best conditions we have found so far for lysine, are incorporated 
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far more slowly than lysine; this is the case both with the whole homogenate 
and the sedimented fractions of guinea pig and rat liver. 


SUMMARY 


1. Two sets of conditions were found in guinea pig liver homogenate in 
which L-lysine (labeled with C* in the e position) is incorporated into the 
proteins in relatively large amounts. In one case the enzyme system was 
the whole homogenate, in the other the precipitate obtained by centrifuging 
the 15-fold diluted homogenate at 2500g. 

2. Characteristics of the reaction with the whole homogenate are as 
follows: its optimum pH is approximately 6.1; the presence of calcium is 
obligatory, the concentration of the latter for maximum activation being 
approximately 0.004 m; 0.01 m does not inhibit; the reaction proceeds as 
well in nitrogen as in oxygen; it is inhibited nearly completely by 0.02 m 
fluoride, 50 per cent by 0.001 Mm arsenite, and somewhat less by 0.001 m 
arsenate, azide, cyanide, and dinitrophenol; the concentration of L-lysine 
incorporated into the proteins is approximately a linear function of the 
lysine concentration and is independent of the concentration of the ho- 
mogenate. 

3. Characteristics which differentiate the reaction with the sedimented 
fractions from that with the whole homogenate are as follows: its optimum 
pH is near to 7.3; the reaction is accelerated only a little by calcium, and 
the presence of calcium is not obligatory; it proceeds more slowly under 
nitrogen than under oxygen, but is not completely inhibited by anaer- 
obiosis; it is inhibited slightly by 0.02 m fluoride, and practically not at all 


_ by 0.001 m arsenate, arsenite, azide, or dinitrophenol; the concentration 


of lysine incorporated is a function of the amount of lysine in the total 
volume of the solution in which the sedimented fraction is suspended. 

4. The rate of incorporation of labeled lysine into the proteins of the 
whole homogenate is approximately the same as that in vivo; after 1 hour’s 
incubation at 38° about 0.15 per cent of the lysine in the proteins is labeled. 
This rate is 60 times faster than any hitherto reported in whole homogenates 
for other amino acids. 

5. The rate of incorporation of labeled lysine into the proteins of the 


_ sedimented fraction, under the most favorable conditions for the latter, is 





several times that in the whole homogenate under its most favorable 
conditions. 

§. All the radioactivity found in the proteins of the whole homogenate was 
accounted for as labeled lysine. 


The microanalyses were carried out by Mr. G. Swinehart. The authors 


were assisted by A. A. Dvorsky, H. E. Jeffrey, M. Keighley, and A. 
Tollestrup. 
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. Frantz, I. D., Jr., Zamecnik, P. C., Reese, J. W., and Stephenson, M. L., J. Biol, 
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A PEPTIDE FRACTION IN LIVER* 


Br HENRY BORSOOK, CLARA L. DEASY, A. J. HAAGEN-SMIT, 
GEOFFREY KEIGHLEY, anp PETER H. LOWY 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


(Received for publication, December 29, 1948) 


We reported in a preliminary communication (1) the isolation of a pep- 
tide fraction from guinea pig liver. The following points of interest ap- 
peared at once: many different amino acids were obtained on hydrolysis; 
the peptide fraction contained most of the indispensable amino acids, which 
indicated that it probably is important in protein metabolism; when guinea 
pig liver homogenate was incubated with C-labeled glycine, leucine, or 
lysine, these were rapidly incorporated into this peptide fraction,’ which 
is further evidence that it is metabolically active; the peptide fraction had 
not been described hitherto; a fraction containing one or more large pep- 
tides can be separated from so complex a mixture as liver homogenate by 
starch chromatography. 

We have not yet established whether the peptide fraction obtained by 
chromatographic isolation is a mixture which chromatographs as a unit or 
whether it consists of a single peptide. The following evidence favors the 
latter alternative. The fraction was precipitated by picric, flavianic, or 
trichloroacetic acids; after removal. of the precipitating acid the fraction 
behaved the same chromatographically as it did before. Its amino acid 


| composition was not demonstrably different before or after precipitation 


with picric acid nor before or after precipitation with ether from aqueous 
ethanol. The same chromatographic peptide fraction was found in the 
liver of fish, beef, guinea pig, hog, horse, lamb, and rat, and in guinea pig 
blood, diaphragm, heart, kidney, and spleen; this fraction from such widely 


_ different sources contained the same amino acids and their relative pro- 


—— 


| 





portions were similar. Furthermore we have found this fraction to be one 
of the major products arising in the peptic hydrolysis of bovine serum albu- 
min, bovine y-globulin, casein, fibrin, insulin, and ovalbumin. (The de- 
tails of this finding will be presented in a later communication.) Data are 
presented below on the peptide fraction isolated from Witte’s peptone 


*This work is a part of that done under contract with and joint sponsorship of 
the Office of Naval Research, United States Navy Department, and the United States 
Atomic Energy Commission. The C™ used in this investigation to label amino 
acids was supplied by the Monsanto Chemical Company, Clinton Laboratories, Oak 
Ridge, Tennessee, and obtained on allocation from the United States Atomic Energy 
Commission. 

‘The details of these findings will be reported later. 
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(which is derived from a peptic hydrolysate of fibrin). Its chemicg| 
behavior and amino acid composition were similar to those of the same chro. 
matographic fraction obtained from liver. The foregoing evidence jngj. 
cates that the chromatographic fraction is an operational entity; tents. 
tively it will be considered as such pending further evidence from chemica| 
and metabolic studies now in hand. 

We have designated this fraction as Peptide A. There are other meta. 
bolically active peptides in liver which we are now engaged in identifying. 

In view of the fact that this peptide fraction is an operational entity in 
a number of respects, the present communication describes methods of 
isolation, some of its physical and chemical properties, the amount in the 
liver of a number of different animals and in some guinea pig tissues, and 
its amino acid composition as obtained by different methods and from 
different sources. 


Procedure 


The tissues used were those of adult guinea pigs and of white rats pro. 
cured from several commercial] and laboratory sources, of fish from a can. 
nery,? and of abattoir beef, hog, horse, and lamb. 

The guinea pigs and rats were killed by stunning and bled. The guinea 
pig tissues and rat livers were chilled and worked up immediately. The | 
livers of other animals were frozen with solid CO; a few minutes after re- | 
moval from the animals and kept frozen until they were worked up. 

The tissue was first disintegrated in a Waring blendor and then homo- | 
genized in the apparatus of Potter and Elvehjem (2). The homogenate 
was diluted with 25 times its weight of water, the pH adjusted to 5.0, and 
then boiled for 10 minutes. The coagulated protein was removed by fil. | 
tration and reextracted three times by boiling with water. The original | 
filtrate and the washings were combined and concentrated to dryness by | 
distillation in vacuo at a bath temperature of 50°. 

The residue was then chromatographed on starch by the method of Stein | 
and Moore (3). Amino acids, peptides, and other substances are eluted | 
from a starch column by a continuous flow of a selected solvent. Different 
substances appear in the eluent, separately or in groups in a definite order. | 
The eluent is collected in fractions. When these are analyzed with nit- 
hydrin reagent, the intensity of color is proportional to the amount of amino 
nitrogen in the fractions. This intensity of color (conveniently expressed 
in terms of amino nitrogen on the basis of an amino acid standard), whet | 
plotted consecutively against volume of effluent which has emerged, giv® 


? For which we wish to thank Dr. E. Geiger, Van Camp Laboratories, Termin! 
Island, California. 
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a “spectrum” consisting of bands of varying width and height (Fig. 4). 
The total color in the band tells the amount of substance. 

Chromatography of Tissue Extracts: Peptide A Fraction—The following 
isan example of the quantities of tissue, starch,’ and solvents used. The 
dried residue: of the non-protein filtrate from 25 gm. of liver was dissolved 
in 1.5 ml. of N HCl and 30 ml. of a solvent mixture consisting of 1 part of 
0.1 x HCl, 2 parts of n-propanol, and 1 part of n-butanol (4). This solu- 
tion was transferred to the top of a column containing 1 kilo of starch, and 
forced into it with slight air pressure; the sides of the column were washed 
down with three small portions of the HCl-propanol-butanol mixture, each 
washing being forced into the top of the column before the next was added. 
The same solvent mixture was used for elution. 

The dimensions of the starch column were 80 X 300 mm. The rate of 
flow of eluent was 75 to 90 ml. per hour. This rate was obtained by ad- 
justing the pressure to 10 to 15 em. of Hg, applied by either air or nitrogen. 

0.5 ml. aliquots of the fractions were analyzed by the modification by 
Moore and Stein (5) of the ninhydrin method. 

Chromatography of Hydrolysates—F or the determination of the amino acid 
composition of the Peptide A fraction, 2 to 8 mg. were hydrolyzed by 
refluxing with 20 per cent HCl at a bath temperature of 150° for 20 hours. 
After removal of the excess acid the dry residue was chromatographed on 
a7 to 10 X 300 mm. starch column, containing 21 to 25 gm. of starch, 
with the HCl-propanol-butanol solvent mixture as eluent. The rate of 
flow was adjusted to 1 to 2.5 ml. per hour; three fractions were collected 
per hour. After about 200 such fractions the following amino acids (if 
present) have been eluted, and in this order: leucine, isoleucine, phenyl- 
alanine, tryptophan, methionine, tyrosine, valine, proline, glutamic acid, 
alanine, threonine, aspartic acid, serine, and glycine. 

At this point, it is possible by changing the eluent to a mixture consisting 
of 2 parts of n-propanol and 1 part of 0.5 N HCl to accelerate the emer- 
gence of ammonia, the bases, and cystine (4). In our experience the sub- 
sequent chromatogram was often ragged. This procedure was useful 
nevertheless; it indicated the presence of the bases and it permitted com- 
putation of the total amino nitrogen (reacting with ninhydrin) after acid 
hydrolysis. Other methods were used to establish the identity of the 
ammonia and amino acids emerging after the change in eluting solvent. 

Chromatographic Isolation of Peptide A Fraction—The Peptide A fraction 
is eluted from the starch column by the HCl-propanol-butanol solvent 
mixture a short time before the first free amino acid, which is leucine (Fig. 


*Two batches of white potato starch were used: one was obtained from the Amend 
Drug and Chemical Company, Inc., New York; the other was manufactured by the 
Idaho Potato Starch Company, Blackfoot, Idaho. 
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1). When the peptide fraction is rechromatographed, it emerges agaip | ce 
in the same place (Fig. 2). pe 

Distribution of Peptide A Fraction—Table I gives figures on the amounts | _ hig 
of Peptide A fraction found in the livers of a number of animals and jing | wi 
number of guinea pig tissues. The non-protein extracts were prepared am 
and chromatographed as described above. The figures in the second _ tid 
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lines was rechromatographed (see Fig. 2). 
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hydrin reagent in the fractions comprising the Peptide A band into amino | isal 
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cedures described in the next section. The figures for mg. per cent of the 
peptide fraction are maximum values and probably are somewhat too 
high; a small admixture of material of low molecular weight giving color 
with the ninhydrin reagent would result in a great magnification of the 
amount of peptide estimated by applying the factor 6.5 y = 1 mg. of pep- 
tide. This reservation does not, in view of all the evidence, invalidate the 
use of the ninhydrin values as an indication of the relative amounts of the 
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Fic. 2. The Peptide A fraction isolated as shown in Fig. 1 rechromatographed with 


0.3 mg. of leucine added. Solvent, 1:2:1, 0.1 N HCl-n-propanol-n-butanol; column 


21 gm. of starch, diameter 7 mm., height 275 mm. The eluent was collected in 0.35 
nl. fractions; a whole fraction was analyzed. 


peptide fraction in different tissues. On this basis the data in Table I 
indicate that liver contains large amounts of the Peptide A fraction; spleen 
isalmost as rich, and there is little or none in striated skeletal muscle. 
Physical and Chemical Properties and Chemical Isolation of Peptide A 
Praction—The properties described in this section are those of the Peptide 
Afraction from guinea pig liver, rat liver, and from Witte’s peptone. We 
found no difference between them. We shall in this section for convenience 
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refer to this fraction as if it were a single peptide; as stated above it may 
consist of a number of peptides of similar composition and behavior. The 
peptide is soluble in water; its hydrochloride is soluble in 80 per cent etha. 
nol and in absolute methanol; it is precipitated from solution in the two 
latter solvents by ether. As was to be expected from its amino acid com. 
position, it gives a picrate and a flavianate. It is precipitated by high con. 
centrations (10 to 20 per cent) of trichloroacetic acid; dilute solutions of 
the peptide are less completely precipitated than concentrated solutions, 
It gives a purple biuret test, and positive tests with Millon’s and Hopkins. 
Cole reagents. 


TABLE I 
Peptide A Fraction in Some Animal Tissues 














| Amino ni- 
| trogen, y |Mg. per 10 
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* The values in this column were obtained by applying the factor 6.5 y of amino 
nitrogen (ninhydrin) = 1 mg. of Peptide A. 


The foregoing physical and chemical properties provided several methods 
for isolating the peptide, either from starch and other materials in the 
HCl-propanol-butanol mixture in which it was eluted from the starch 
column, or, when Witte’s peptone was the source, from other materials in 
the peptone mixture. The preparations obtained by the following isols- 
tion procedures are not to be construed as pure. 

The chromatographic Peptide A fraction of 25 gm. of either guinea pig 
or rat liver was dried in a current of air. The residue was stirred in 10 ml. 
of 95 per cent ethanol, and water was then added dropwise until practically 
all the material was dissolved. This was centrifuged and to the clei! 
supernatant solution ether was added dropwise until a heavy precipitate 
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appeared. The precipitate was submitted to the same procedure twice 
more, then washed with ether, and dried. The dried material, assayed 
with the ninhydrin reagent, gave 6.5 y of amino nitrogen per mg. It gave 
before hydrolysis the same chromatogram as the original Peptide A frac- 


tion. Fig. 5 is the chromatogram of the preparation from rat liver after 
it was hydrolyzed. 


14 
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Fig. 3. Chromatogram of the Peptide A fraction isolated via the picrate from 
Witte’s peptone as described in the text. 8 mg. chromatographed with 0.2 mg. of 
added leucine. Solvent, 1:2:1, 0.1 N HCl-n-propanol-n-butanol; column, 25 gm. of 


starch, diameter 9mm., height 290mm. The eluent was collected in 0.6 ml. fractions; 
05 ml. aliquots were analyzed. 


Peptide A was isolated as the picrate from the starch column eluate of 
the non-protein fraction of guinea pig liver and from Witte’s peptone which 
had not been chromatographed. After the eluent fraction was evaporated 
to dryness, the subsequent procedure was the same in the isolation from 
both sources. To the aqueous solution of the eluent fraction or of Witte’s 
peptone a saturated aqueous solution of picric acid was added until maxi- 
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mum precipitation had occurred. After standing overnight in the refriger. 
ator the suspension was centrifuged, the precipitate dissolved in a mini. 
mum amount of HCl and the picric acid extracted with ether. Ethanol 
was then added to a final concentration of 80 per cent and the peptide pre. 
cipitated with ether as described above. Data on these preparations are 
given in Figs. 3 and 6 and in Table II. 

The simplest isolation from Witte’s peptone was as follows. 200 mg, 
dissolved in 50 ml. of water, were precipitated with 10 per cent (final cop- 
centration) of trichloroacetic acid. The trichloroacetic acid was removed 
from the precipitate with ether, and the residue was dried with absolute 
ethanol and ether. The yield was 14 mg. The chromatogram before 
hydrolysis was the same as that of all other preparations of the Peptide 
A fraction; 6.5 y of amino nitrogen (by ninhydrin) per mg. were obtained 

A preparation isolated from Witte’s peptone via the flavianate gave the 
same amino nitrogen value and the same chromatogram. 2.0 gm. of 
Witte’s peptone were suspended in 70 ml. of absolute methanol; 0.7 ml. of 
concentrated HCl was added and after thorough shaking the mixture was 
centrifuged. The precipitate was suspended in a fresh 70 ml. portion of 
methanol and 0.7 ml. of HCl and the extraction was repeated. In all, 
five such extractions were made, the residue from one extraction being used 
for the next. Twice the volume of absolute ether was added to the com- 
bined supernatant solutions. The precipitate was separated by centni- 
fuging and then dried. It weighed 620 mg. 200 mg. of the dried pre- 


cipitate were dissolved in 2 ml. of water, and to the solution were added | 


100 mg. of flavianic acid in 2 ml. of water. The gummy, orange precipitate 
was separated from the yellow supernatant liquid by centrifuging. 0.2 
H.SO, was added to the precipitate until it was strongly acid and the 


flavianic acid was extracted with amyl alcohol. The clear residual solution | 


was treated with Ba(OH).: to remove the sulfate and with CO, to remove 
the excess barium and was then evaporated to dryness. The yield was 
30 mg. 

Amino Acid Composition of Peptide A Fraction—The amino acid compo- 
sition of the Peptide A fraction was determined by starch chromatography 
after acid hydrolysis as described above. The results are given in Figs. | 
4, 5, and 6 and in Table II. The material hydrolyzed was either that in 
the central region of the Peptide A band of the non-protein filtrate ol ! 
tissue or the preparations isolated as described in the previous sectiol 
Moore and Stein (5) give the positions of the different amino acids in the 
chromatogram obtained by elution first with HCl-propanol-butanol ani 
then with propanol-HCl. We have used a number of tests to check thes | 
positions and have confirmed Moore and Stein completely. C-labeled | 
leucine and glycine (and lysine, not shown in Figs. 4, 5, and 6) were added | 
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Fic. 4. Chromatogram of the hydrolysate of 20 per cent of the Peptide A fraction 
of guinea pig liver shown in Fig. 1. Solvent, 1:2:1, 0.1 N HCl-n-propanol-n-butanol ; 
column, 25 gm. of starch, diameter 9 mm., height 298 mm. The eluent was collected 
in 0.55 ml. fractions; 0.5 ml. aliquots were analyzed. The portion of the chromato- 
gram after the glycine band is not shown. 
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Fie. 5. Chromatogram of the hydrolyzed Peptide A fraction from rat liver first 
isolated from the chromatographic Peptide A fraction by dissolving the dried residue 
of the fraction in ethanol and then precipitating with ether as described in the text. 
2 mg. of the dried precipitate were hydrolyzed and chromatographed. Solvent, 
1:2:1, 0.1 N HCl-n-propanol-n-butanol; column, 25 gm. of starch, diameter 9 mm., 
height 279 mm. The eluent was collected in 0.9 ml. fractions; 0.5 ml. aliquots were 
analyzed. The portion of the chromatogram after the glycine band is not shown. 


to aliquots of a hydrolysate and the coinciding radioactivity and nin- 
hydrin peaks found in the fractions of eluent. Leucine, tyrosine, proline, 
threonine, aspartic acid, serine, and glycine were located by a loading pro- 
cedure. A relatively large amount of one amino acid was added to an 
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aliquot of a hydrolysate; this loaded aliquot and another to which y 
addition was made were chromatographed at the same time on two separate, |guei 
columns. The chromatograms of the two portions of the hydrolysate wer! of is 
the same except for the heightened peak in one, corresponding to the amin) Fi 
acid added. glut: 

Proline gives a yellow color with the ninhydrin reagent. The presen | thos 
in the peptide fraction (but not the location in the hydrolysis chromato. | was 
gram) of tryptophan (6), methionine (7), and tyrosine (8), and arginine | pot! 
and histidine (9) was determined colorimetrically. The ultraviolet spe. 
trum of the unhydrolyzed Peptide A fraction was measured and was prac. [Io 
tically completely accounted for by the content of tryptophan and tyrosine toal 
as found colorimetrically. isole 
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Fia. 6. Chromatogram of the Peptide A fraction from Witte’s peptone, isolated | top 
| via the picrate as described in the text. 2 mg. were hydrolyzed and then chromato- 
graphed. Solvent, 1:2:1, 0.1 N HCl-n-propanol-n-butanol; column, 25 gm. of starch, 
diameter 8mm., height 295mm. The eluent was collected in 0.9 ml. fractions; 0.5m The 
aliquots were analyzed. The portion of the chromatogram after the glycine band is tion 
no. shown. met 
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The presence of lysine was established also by the use of lysineles  goig 
Neurospora, mutant 4545 (10).4 Unhydrolyzed Peptide A fraction will no | fore 
support growth of this mutant unless a small amount of free lysine is addel ef; 
to the culture medium. Hydrolyzed Peptide A fraction requires no such | the 
seeding. Evidently the minimum growth afforded by a trace of free lysine | maj 
provides hydrolytic enzymes which liberate lysine from the peptide (0° ght, 
peptides) for further growth. elut 

The presence of isoleucine in the leucine band was established by chrom | pgp 
tography on starch according to Stein and Moore (3), with 1:1:0.2 | hyd 
n-butanol-benzyl alcohol-water as the eluting solvent. This solvent mix 


‘We w'sh to thank Mr. E. Windsor of this laboratory for carrying out the lysine a 
assays with the Neurospora mutant. 
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ture separates phenylalanine, leucine, and isoleucine. The presence of 
jucine was established by using C'*-labeled leucine as a tracer, and that 
of isoleucine by the loading procedure described above. 

Filter paper chromatography with phenol and s-collidine (11) of the 
gutamic acid + alanine fractions gave several spots; among them were 
those which could be assigned to glutamic acid and alanine, but the picture 
was complicated by the presence of spots given by substances which were 
not identified. 

The presence in the Peptide A fraction from every source listed in Table 
Il of the following amino acids has been established by the methods referred 
toabove: alanine, arginine, aspartic acid, glutamic acid, glycine, histidine, 
isoleucine, leucine, lysine, methionine, proline, serine, threonine, trypto- 
phan, and tyrosine. Chromatography on starch by elution with the n- 
butanol-benzy! alcohol-water solvent, which separates phenylalanine, leu- 
cine, and isoleucine (3), indicated that phenylalanine or some other amino 
acid which emerges before leucine may be present. If phenylalanine is 
present there is very little. To establish this point it will be necessary to 
prepare and highly purify much larger amounts of the peptide or peptides 
in the fraction than we have at present. The same considerations apply 
to cystine, valine, and other amino acids which may be present, as for 
example the substance giving the low rounded peak between aspartic acid 
and serine shown in Figures 4, 5, and 6. 

Figs. 4, 5, and 6 are chromatograms of hydrolyzed Peptide A fraction 
from three different sources, guinea pig liver, rat liver, and Witte’s pep- 
tone. They are clearly the same qualitatively. Similar chromatograms 
were given by hydrolyzed Peptide A from all the sources listed in Table I. 
These chromatograms indicated the same qualitative amino acid composi- 
tion of the Peptide A fractions from different sources, isolated by different 
methods. 

Table II summarizes data which indicate that the quantitative amino 
sid composition of Peptide A from different sources, isolated by dif- 
ferent methods, was similar. Table II gives values of amino nitrozen 
before and after acid hydrolysis. Except those indicated in the foot-notes 
the amino nitrogen values before hydrolysis were obtained from the chro- 
matogram of the Peptide A fraction. All the values after hydrolysis were 
obtained by adding the ninhydrin values of all the banis obtained by 
lution first with the HCl-propanol-butanol solvent followed by the pro- 
panol-HCl mixture. All the values of the ratio after hydrolysis to before 
hydrolysis fall within the range 13.3 to 15.9; the average is 14.5. 

The concordance of the values of this ratio further supports treatment 
of the chromatographic Peptide A fraction as an operational entity. The 
value of 14.5 of the ratio of free amino nitrogen after hydrolysis to before 
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hydrolysis is within the range found for proteins. Thus Henriques and 
Gjaldbaek (12) by formol titration found values for dried egg white, casein, 
edestine, gelatin, and Witte’s peptone of 14.6, 8.8, 24.4, 22.7, and 54 


respectively. We may conclude, therefore, that most of the Peptide 4 | 


fraction chromogenic with the ninhydrin reagent consists of polypeptide 
material of large molecular weight. 
Table II gives the ratios of the amino nitrogen in the main bands to that 


of leucine + isoleucine. The figures in Table II show that the Peptide 4 | 


fractions of different origin appear to have similar amino acid composition, 
This statement applies not only to the comparisons in Table II but also to 
their content of lysine. The Neurospora assays indicated that they all 
contain 9 to 10 per cent of lysine. This value probably is low, as arginine 
and glutamic acid, both of which are present in the peptide, inhibit this 


mutant. In every case it was necessary to add a trace of free lysine to | 


initiate growth, and there was the same lag of 24 to 48 hours before rapid 


growth began. 

Ratios of the amino acid groups were compared in Table II because we 
do not consider the Peptide A fractions to have been pure enough to 
warrant comparison of the content of individual amino acids expressed as 
absolute amounts. It is premature, we feel, to stress the differences in the 
ratio of the same amino acid group. Stein and Moore (3) in replicate 
analyses of purified proteins show divergencies of 10 per cent between 
extreme values for one amino acid. Each analysis in Table II was done on 
a specimen of Peptide A fraction obtained from a different animal. The 
notable finding is that the fraction obtained from widely different sources 
was so similar with respect to all five amino acid groups compared to 
leucine plus isoleucine and with respect to the ratio of amino nitrogen 
before and after hydrolysis. A priori no such similarity was to be expected. 


DISCUSSION 


The following considerations bear on the questions of the purity of the 
Peptide A fraction from any one source and the identity or difference d 
this fraction obtained from different sources. Contamination by free 
amino acids is excluded because these emerge from the starch colum 
(with the eluting solvent employed) after the Peptide A fraction. The 


Peptide A fraction is precipitated by 10 per cent trichloroacetic acid; 


small peptides are thereby excluded as contaminants. Further evident 
in the same direction is that a number of dipeptides and glutathione emerg 
after leucine, whereas the Peptide A fraction emerges before leucine. The 
Peptide A fraction is precipitated by picric and flavianic acids; contamils 
tion by peptides not containing basic amino acids is thereby excluded. 
The amino acid composition of the original chromatographic fractio 
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was not demonstrably different from that of the fraction after precipita- 
tion either with picric acid or with ether from aqueous ethanol. Also the 
ratio of free amino nitrogen (with ninhydrin reagent) before and after 
hydrolysis was the same for the three materials. This ratio is of the order 
to be expected of a peptide containing the fifteen (or more) amino acids 
present in the fraction. Therefore, if the Peptide A fraction is a mixture, 
itis a mixture of similar large peptides. 


SUMMARY 


1. The chromatographic isolation of a peptide fraction in liver, desig- 
nated Peptide A, is described. Several chemical methods of isolating it 
are described. ‘This fraction contains one or more large peptides. 

2. The presence of the following amino acids in the Peptide A fraction 
has been established: alanine, arginine, aspartic acid, glutamic acid, glycine, 
histidine, isoleucine, leucine, lysine, methionine, proline, serine, threonine, 
tryptophan, and tyrosine. Additional amino acids may be present. 

3. The Peptide A fraction has been isolated from the livers of albacore, 
beef, guinea pig, hog, horse, lamb, and rat, from guinea pig blood, heart, 
kidney, and spleen, and from Witte’s peptone. Liver and spleen are the 
richest sources; there is much less in blood, heart, and kidney and very 
little or none in diaphragm and striated muscle of the abdominal wall. 

4, The Peptide A fraction isolated from different sources contains all of 
the above amino acids. Their proportions are not demonstrably different 
within the limits of precision of the analytical methods used. 
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METABOLIC FUNCTIONS OF BIOTIN* 
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A metabolic relationship between biotin and aspartic acid has been 
demonstrated in many living forms. Burk, Winzler, and du Vigneaud (1) 
observed that either biotin or aspartate was capable of stimulating the 
fermentation and nitrogen assimilation of biotin-deficient yeast (Saccharo- 
myces cerevisiae) in media containing ammonia. Independently Koser, 
Wright, and Dorfman (2) found that aspartate partially replaced biotin 
for Torula cremoris. 

In 1947, Stokes ef al. (3) presented evidence that biotin, in some manner, 
promotes the synthesis of aspartate by several bacterial species. A study 
of the mechanism by which biotin affects the synthesis of aspartate was 
therefore undertaken. It was found (4) that oxalacetate could partially 
replace aspartate in promoting growth of biotin-deficient Lactobacillus 
arabinosus. Since Lyman et al. (5) had shown that CO: stimulates aspar- 
tate synthesis by lactobacilli, it seemed likely that biotin was exerting 
its influence on aspartate synthesis by way of the Wood-Werkman (6) con- 
densation of pyruvate and CO, to yield oxalacetate. Growth experiments 
did indeed demonstrate that bicarbonate greatly stimulated growth of L. 
arabinosus in aspartate-free media if biotin were present and that bicarbo- 
nate elicited no growth response in low biotin media (4). Using their 
technique of inhibiiton analysis, Shive and Rogers (7) independently 
reached the conclusion that biotin participated in CO, fixation into oxal- 
acetate and a-ketoglutarate. About the same time Lichstein and Umbreit 
(8) demonstrated that biotin restored the ability of aged Escherichia coli 

| cells to decarboxylate oxalacetate. 

To obtain further information on the function of biotin, studies were 
made of the uptake of C-labeled bicarbonate by normal and biotin-defi- 
cent cells of L. arabinosus. 


*Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the United States Public Health Service 
(RG 313). A preliminary report of this paper was presented before the Division of 


Siological Chemistry of the American Chemical Society, New York, September 17, 
| 197. 
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Methods and Materials 


The organism Lactobacillus arabinosus 17-5 was grown on the basal 
medium described in a previous communication (9). Four modifications 
of this medium, the biotin and aspartic acid composition of which was that 
suggested by Stokes et al. (3), were used in the experiments reported below. 
The low biotin medium contained 0.05 mugm. of biotin and 0.2 mg. of pz. 
aspartic acid per ml.; the high biotin medium contained 2.0 mugm. of biotin 
per ml. and no aspartic acid; the “oleic acid” medium contained 10 y of 
oleic acid, 0.5 mg. of Tween 40, and 0.2 mg. of DL-aspartic acid per ml., 
and the biotin-free, aspartic acid-free medium contained neither biotin 
nor aspartic acid. The optical density of bacterial cultures was measured 
in the Evelyn colorimeter with standard size tubes at 660 my and with 
water as a blank. The bacteria were grown in volumes of 25 to 100 ml. 
in Erlenmeyer flasks filled to about 50 per cent of capacity. After sterili- 
zation the flasks were aseptically inoculated with 0.5 to 1.0 ml. of 
a washed saline suspension of an 18 hour culture diluted to 85 to 90 per 
cent transmission. The size of inoculum is of some importance, since the 
organism may show a prolonged lag period on the high biotin medium if 
too light an inoculum is used. The techniques described above will give 
cultures showing 50 to 60 per cent transmission in about 18 hours with 
the first three media mentioned above. In the first experiments reported 
in this communication the organisms grown on low and high biotin media 
were made up to equal optical density for transfer to the Warburg vessel 
by diluting the more dense culture with the same type of medium. 
Later, when the inhibitory effect of aspartic acid became known, the cells 
were removed from the growth medium by centrifuging and resuspended 
in biotin-free, aspartate-free medium. They were centrifuged again and 
made up to equal optical density in biotin-free, aspartate-free medium. 
About 23 hours elapsed from the time centrifugation began until the 
cells were transferred to the Warburg flasks. 

C* fixation Experiments were carried out at 37° in Warburg vessels with 
air as the gas phase. Bicarbonate, containing the isotope, and other 
materials were added from a side arm at zero time. The final concentra- 
tion of added bicarbonate was 0.0033 m unless otherwise specified. After 
incubation at 37° for the desired time, dilute sulfuric acid (sufficient to 
bring the suspension to about pH 2) was dumped from a second side arm 
to stop metabolic reactions. The flask contents were transferred quanti- 
tatively to centrifuge tubes and pieces of solid CO, large enough to sink to 
the bottom of the tubes were added. After 10 minutes of “washing” it 
this manner (control vessels were found devoid of C"') the tubes were centt'- 
fuged and the supernatant fluid decanted. The cells were autoclaved for 
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| hour in the presence of 1 N HCl and the resulting solutions evaporated 
to dryness under a vacuum. 

All samples were counted on flat bottomed shallow aluminum cups of 1 
em. radius. Samples were transferred to the cups as slurries in alcohol 
and were dried under an infra-red lamp. Counts were made with an end 
window Geiger counter tube. Mica windows of 2 to 3 mg. per sq. cm. were 
used. ‘The counts were corrected for background and for self-absorption 
according to the calculations of Yankwich e¢ al. (10, 11). Sufficient counts 
were made to establish an accuracy of about +5 per cent in all samples 
except those in which the count was not appreciably greater than the back- 
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Fie. 1. Fixation of C'*-labeled bicarbonate by L. arabinosus in low biotin (LB) 
and high biotin (HB) media. 3 ml. of cell suspension (54 per cent transmission) 
per flask. Maximum fixation, 3.04 counts per second. The column at the right in- 
dicates the relative amounts of C" fixed into the medium (M) and the cellular aspar- 
tie acid (A) by the two types of cells. 


ground. The data are reported as counts per second for the total sample. 
Volumes of the cell suspensions are given for each experiment. 

Control vessels containing high biotin cells which had been heated in a 
boiling water bath for 5 minutes were included in each experiment. In no 
case Was any detectable quantity of C™ fixed by these inactivated controls. 


Results 


The rates of bicarbonate uptake by cells of L. arabinosus in low biotin 
and high biotin media are shown in Fig. 1. High biotin cells rapidly fixed 
C* from the bicarbonate of the medium and assimilated it as acid-stable 
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cell constituents, while the low biotin cells fixed no detectable amount 
during the Ist hour of the experiment. A trace, but an analytically sig- 
nificant amount, was fixed by the low biotin cells after 2 hours. This 
incorporation of C into the bacterial cell is not a net uptake of CO,, 
There was a continuous net production of CO, by the cells during the 
experiment. At 120 minutes the cell-free medium from the high biotin 
cells contained an appreciable quantity of fixed C", while only an insig- 
ficant amount was found in the medium from the low biotin cells. The 
relative quantities fixed in the media are indicated in Fig. 1 (17). In this 
and later experiments in which media were fractionated, the ‘‘medium” 
would include all constituents which were extracted from the cells at 
pH 2. An appreciable part of this fixed C'* may therefore actually have 
risen from soluble cellular constituents. 

25 mg. of natural aspartic acid were added as a carrier to each of the 
2 hour cell hydrolysates and the aspartic acid was isolated and purified as 
the copper salt. The relative activity of the isolated copper aspartates is 
shown in the column at the right of Fig. 1. While a quantitative separa- 
tion of the aspartate was not achieved, calculations indicate that most if 
not all of the activity of the cells was present in the aspartic acid. 

In the experiment summarized in Fig. 1 two variables, biotin and aspartic 
acid, were studied simultaneously. ‘To determine whether aspartate alone 
influenced bicarbonate fixation a similar experiment was performed and 
biotin was added to one series of cells in low biotin medium containing 
aspartate. In addition L-aspartate was added to one flask containing cells 
in high biotin medium. The results are summarized in Fig. 2. Again 
rapid uptake of C"* from the medium occurred with high biotin cells, while 
those grown and incubated in the low biotin medium containing aspartate 
fixed almost none. In this experiment the rate of C" fixation by the high 
biotin cells was remarkably linear during | hour. Additions of 0.065 mygm. 
of biotin per ml. of media at zero time did not appreciably increase the 
uptake of CO, by the deficient cells. However, the addition of 1 mg. of 
L-aspartate per ml. to the high biotin medium decreased the fixation almost 
to zero. While this is 10 times the concentration of aspartate in the low 
biotin medium, it seemed possille that the presence of aspartate in that 
medium might be preventing added biotin from exhibiting any C™O,-fixing 
response. A third experiment was therefore conducted in which the cells 
were grown on the high and low biotin media as usual, but, after centri- 
fuging, both types of cells were suspended in sterile biotin-free, aspartate- 
free medium. The rates of C“O, fixation are shown in Fig.3. Cells grown 
in the high biotin medium fixed C™O, fairly rapidly during the first 30 min- 
utes of the experiment, but the rate dropped off during the second half hour. 
The addition of 5 mugm. of biotin per ml. did not significantly influence 
the rate of C“O, fixation during the first half hour but was effective in mail- 
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taining the rate of fixation during the second half hour. Cells grown on 
the low biotin medium were unable to fix CO, but did so when biotin was 
added to the aspartate-free medium. The addition of 63 y of pi-aspartic 
acid per ml. of cell suspension decreased the rate of C“O incorporation by 
more than 50 per cent. The effect of varying concentrations of aspartate 
was then studied in a separate experiment, with the results shown in Fig, 
4. Since 50 y of L-aspartic acid per ml. inhibited C“ uptake as much as 
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Fic. 4. Inhibition by aspartate of CO, fixation by L. arabinosus. High biotin 
cells (1.5 ml. of suspension; 17.5 per cent transmission) in biotin-free, aspartate-free 
medium. Final volume 2.0 ml.; incubated 60 minutes. Control fixation, 3.49 counts 
per second. © = pDL-aspartic acid; X = one-half as much L-aspartic acid. 


did 100 + of pi-aspartic acid, the inhibition appears to result only from the 
L isomer. 

It should be emphasized that in all of the experiments described above 
the low biotin cells were grown in the presence of sufficient biotin to satisfy 
the “oleic acid function” (9, 12, 13). Therefore, it appears that the oleic 
acid function of biotin does not involve the fixation of carbon dioxide. 

The results of the experiment described in Fig. 1 indicated that most of 
the radioactive carbon taken up was fixed into cellular aspartic acid. To 
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make a more detailed examination of the distribution of C', low and high 
biotin cells were incubated in 100 ml. quantities with C'-containing bicar- 
bonate for 15 minutes. The washed cells were hydrolyzed by autoclaving 
12 hours in 8 N H2SQO,; 25 mg. of L-aspartic acid were added to each sample 
and the barium salts of aspartic and glutamic acids were separated by alco- 
hol precipitation. The aspartic acid was separated from the crude barium 
salts as the copper salt and recrystallized. The percentage of total radio- 
activity recovered in the copper aspartate corresponded roughly to the 
percentage recovery of the latter, indicating that aspartic acid was the main 
if not the sole C-containing compound. 

Adenine and guanine were isolated from the hydrolysate by the procedure 
of Levene (14) after adding 20 mg. of guanine hydrochloride and 20 mg. of 
adenine sulfate as carriers. Adenine separated as the silver salt, isolated, 
and purified as the picrate contained a trace, but statistically insignificant 
amount, of radioactivity. Guanine, separated as the silver salt and iso- 
lated as the free base was devoid of activity. It should be recalled that the 
basal media supply the purine bases adenine, guanine, and xanthine. 

In these large scale experiments, the total counts of C" fixed in the media 
were equivalent to 30 per cent of the amount retained by the cells. The 
media were continuously extracted with ether for 12 hours. After evapora- 
tion of the ether the residues from both high and low biotin cells were found 
to contain no detectable quantity of radioactivity. Almost all of the ac- 
tivity was found in the alcohol-precipitated barium salt fraction containing 
the dicarboxylic amino acids. Since the media were not hydrolyzed, the 
activity must have resided in the free amino acids. The cells either lose 
an appreciable amount of aspartic acid by diffusion into the medium or else 
the extraction at pH 2 removes labeled aspartate from the cells. 

Four samples of pure copper aspartate isolated from cells exposed to C¥- 
containing bicarbonate were treated with chloramine-T according to the 
procedure of Cohen (15). In standardizing runs, recoveries of 96, 102, and 
96 per cent of the theoretical CO, were obtained, assuming that both car- 
boxyl groups were converted to CO,. Cupric ion did not inhibit decar- 
boxylation of standard samples. Recoveries of the radioactivity in the CO, 
liberated by chloramine-T ranged from 66 to 100 per cent of that originally 
present in the aspartic acid, but no appreciable amount of activity was 
found in any of the residues following the decarboxylation. Apparently 
part of the CO, had been lost from the Ba(OH): trap in some of the ex- 
periments. 

Action of Biotin Analogues—The results of the experiment summarized 
in Fig. 3 demonstrated that y-(3 ,4-ureylenecyclohexyl!)-butyric acid did not 
inhibit carbon dioxide fixation when added to cells which had been grown 
in the presence of sufficient biotin to satisfy the “aspartate function” (9, 3). 
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Thus the compound appeared not to antagonize the function of biotin al- 
ready incorporated into the bacterial cell protoplasm. To examine more 
closely the locus of action of antibiotin compounds the experiment de- 
scribed in TableI wasperformed. Since -(3,4-ureylenecyclohexy])-butyric 
acid is a comparatively weak antimetabolite (16), the more active com- 
pounds homobiotin and homobiotin sulfone (17) were employed. As can 
be seen from Table I, both of these biotin analogues strongly inhibited the 
fixation of C“O, when added simultaneously with biotin to cells grown in 
the absence of biotin. They exerted only a slight inhibition of C" fixation 
by cells which had been grown in high biotin medium. These results indi- 

















TaBLe I 
Effect of Biotin Analogues on C'*O; Assimilation by L. arabinosus 
a Net count: : 
Type of cells | Biotin Inhibitor added oes hanel 
10 min.| 30 min.| 60 min,| 42 
per mi. 
No biotin None| None 0.00 0.07 
5 “ 0.40 | 1.09 | 2.61 
5 Homobiotin sulfone, 20 y per ml. 0.58 | 78 
5 Homobiotin, 40 y per ml. 0.51 | 80 
High biotin | None| None 1.15 | 2.09 | 3.49 
‘¢ | Homobiotin sulfone, 20 y per ml. 3.20} 6 
‘* | Homobiotin, 40 y per ml. 3.02] 13 




















No biotin cells were grown in the presence of aspartic and oleic acids with Tween 
40; turbidity at 22 hours = 48 per cent transmission in the Evelyn colorimeter, 
Filter 660. High biotin cells were grown in the presence of 2 mugm. of biotin per 
ml.; no aspartic or oleic acid added; turbidity at 22 hours = 54 per cent transmission. 
After centrifuging and washing, both cell types were taken up in the basal medium 
and diluted to 17.5 per cent transmission, 1.5 ml. per flask. Biotin, 0.01 m.eq. of 
NaHCO; containing C", and the inhibitors were dumped from the side arms at zero 
time. Final volume 2.0 ml. 


cate that biotin analogues do not inhibit appreciably the function of biotin 
which has already been incorporated into cellular components, and that 
they do inhibit the formation of the biotin-containing tissue component 
which is concerned with CO, fixation into aspartic acid. Axelrod, Purvis, 
and Hofmann (18) have recently reported that biotin antagonists inhibit 
the biotin stimulation of yeast fermentation (1) only when added 30 min- 
utes prior to the addition of biotin. 


DISCUSSION 


The striking differences in CO.-fixing ability between cells grown in high 
biotin and low biotin media strongly indicate that biotin plays a compulsory 
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rélein the metabolic fixation of CO.. In the present work aspartic acid was 
found to contain almost all of the C™ assimilated from the bicarbonate of 
the medium into the bacterial cell. This must not be construed to mean 
that the function of biotin is limited to fixing bicarbonate into the carbon 
skeleton of this single amino acid, for the present experiments were designed 
to supply the bacterial cells with all other required metabolites. If the 
incorporation of CO, into other cellular constituents is inhibited by the 
respective compound in the same manner in which added aspartate inhibits 
CO, fixation into cellular aspartic acid (Fig. 4), then, in these experiments, 
one would not expect C* fixation into those other cellular constituents. 
Evidence for the concept that biotin is involved in the fixation of CO, into 
several tissue components in rats is presented in Paper IT (19). 

Studies of the function of biotin at the enzymatic level have not yet 
disclosed the exact mechanism by which this vitamin influences cellular 
metabolism. Ochoa et al. (20) found that biotin-deficient turkeys were spe- 
cifically deficient in the enzyme which catalyzes the condensation of pyru- 
vate and CO: in the presence of reduced triphosphopyridine nucleotide to 
produce malate. However, purified preparations of the enzyme were re- 
ported not to contain significant quantities of biotin (20). Ochoa therefore 
postulated that biotin might function as a catalyst in the synthesis of the 
enzyme rather than as a structural component of the enzyme. While the 
present work offers no test of this hypothesis, there is no particular evidence 
of a lag phase in the rate of COs fixation when biotin is added to cells grown 
in low biotin medium (Fig. 3; Table I), such as one might expect if it were 
acting indirectly. Since malate does not give a growth response under 
conditions in which oxalacetate does (4), it appears not to be an inter- 
mediate in the CO, fixation process. 

The inhibition by aspartate of CO, uptake may offer a clue to the mecha- 
nism of aspartate synthesis. In higher animals, tissue amino acids are 
constantly being exchanged for those being carried by the blood stream. 
If aspartate synthesis were occurring in bacteria by processes unrelated to 
protein synthesis, one would expect some fixation of C“QO, into aspartate. 
even though aspartate were present in the medium. 


Pyruvate + HCO; 


() | 


Oxalacetate 
Reductive amination or 
(2) t S osae 
ransamination 
Aspartate 


(3) | 


Protein 
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It seems possible that the energy-coupling mechanism which incorporates 
aspartate into protein (Reaction 3) may actually be the driving force which 
permits the endergonic coupling of CO, and pyruvate (Reaction 1). 


We are indebted to Dr. M. W. Goldberg, Dr. 8. H. Rubin, and Dr. f, 
Sevringhaus of Hoffmann-La Roche, Inc., for gifts of biotin, homobiotin, 
and homobiotin sulfone. Dr. R. O. Roblin of the American Cyanamid 
Company generously supplied the sample of y-(3,4-ureylenecyclohexy))- 
butyric acid. We wish to thank Dr. Charles Heidelberger for making 
several of the measurements of radioactivity. 


SUMMARY 


Cells of Lactobacillus arabinosus grown in the presence of 2 mugm. of 
biotin per ml. fixed C“ from the bicarbonate of the medium into cellular 
aspartic acid. When grown in media containing only 0.05 mugm., or less, 
of biotin per ml., the cells were almost completely unable to fix CO.. The 
fixation of CO, into cellular aspartate was strongly inhibited by addition 
of aspartate to the medium. 

Biotin analogues having antimetabolite properties inhibited the fixation 
of CO, when added simultaneously with biotin to low biotin cells. They 
had little influence on the CO,-fixing capacity of cells grown in the presence 
of biotin. 
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METABOLIC FUNCTIONS OF BIOTIN* 


II. THE FIXATION OF CARBON DIOXIDE BY NORMAL AND 
BIOTIN-DEFICIENT RATS 


By PATRICIA R. MacLEOD anp HENRY A. LARDY 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison) 


(Received for publication, January 8, 1949) 


Since the early work of Wood and Werkman (1), which demonstrated 
the assimilation of CO, by heterotrophic non-photosynthetic bacteria, 
considerable interest has been shown in the function of carbon dioxide as a 
metabolite. Ruben and Kamen (2) provided evidence for the fixation 
of COz by rat liver slices in the presence of pyruvate. This was extended by 
Evans and Slotin (3) with the use of CO, to show that the reaction in- 
volved the condensation of CO, with pyruvate to form oxalacetate. The 
synthesis of urea by liver slices and homogenates has also been shown to 
involve CO, fixation (4, 5) which occurs in the conversion of ornithine 
to citrulline (6). The intact animal can introduce CO, into liver and 
muscle glycogen (7) and into several amino acids of liver protein; namely, 
arginine, glutamic acid, and aspartic acid (8). It has recently been shown 
that the pigeon can fix C“O, into uric acid (9). 

The first suggestion that CO, transfer might involve a metabolic funce- 
tion of biotin was made by Burk and Winzler (10). The relationship 
between aspartic acid and biotin has been discussed in Paper I (11). 
Recently it has been demonstrated that Lactobacillus arabinosus grown 
on a biotin-deficient medium cannot utilize CO, for growth (12), but is 
able to assimilate either aspartate or oxalacetate for good growth (12, 13). 
The present study was undertaken to investigate the comparative abilities 
of the “normal” and biotin-deficient rat to utilize CO>. 


EXPERIMENTAL 


Male albino rats of the Sprague-Dawley strain were used in all experi- 
ments and were raised from weaning on the following rations. The 
control ration contained alcohol-extracted casein 22, sucrose 68.5, Salts IV 
(14) 4.5, and cornoil 5 parts. Vitamins were added in the following amounts 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by the United States Public Health Service 
(RG 313). A preliminary report on part of the experimental data in this paper was 
presented before the Division of Biological Chemistry at the 113th meeting of the 
American Chemical Society at Chicago, April, 1948. 
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per 100 gm. of ration: thiamine 30 y, riboflavin 60 y, niacin 200 y, pyri. | 
doxine 30 y, calcium pantothenate 300 y, p-aminobenzoic acid 500 %; tate 
biotin 1 y, folic acid 2.5 y, inositol 10 mg., and choline 20 mg. 2dropsof | T 
halibut liver oil were administered weekly. The low biotin ration consisted ) 4 fj 
of casein 20, commercial dried, raw, egg white 11, sucrose 60.5, Salts IV | ¢hlc 
4.5, corn oil 5.0 parts, and vitamins as in the control ration with the omis. 


was 
sion of biotin. The low biotin, low fat ration contained casein 20.5, dried add 
raw egg white 11.0, sucrose 64.0, Salts [V 4.5 parts, and vitamins as in the cart 
control ration with the omission of biotin. wer 


After 7 weeks, the animals fed the low biotin and low fat, low biotin } 
rations reached a weight plateau and exhibited the characteristic skin | [gti 
symptoms of a biotin deficiency. 2 weeks later, one rat was taken from T 
each of the three groups to be used for a preliminary experiment. Each git} 
rat was given, at 1 hour intervals, twelve equal doses of a solution of 
NaHC*O; by intraperitoneal injection. The total amount given to the | the 
control rat was equivalent to 1.10 mg. of original BaCOs having a specific | ma 
activity of 3 per cent C, and the amounts given to the other two rats were | glke 
calculated in proportion to their metabolically effective weights by the | goly 
factor (weight)®-” (15, 16). | Thi 

At the end of the 12 hour injection period, each animal was sacrificed | was 
by decapitation and the liver quickly removed and minced in a Waring | (a( 
blendor with 10 per cent trichloroacetic acid. The kidney, spleen, pan- | the 
creas, heart, testes, and small intestine were combined as one fraction | tion 
(hereafter referred to as the viscera fraction) and similarly treated. Both T 
trichloroacetic acid precipitates were centrifuged and washed with 5 per | | (1 
cent trichloroacetic acid. The lipide fraction was removed from each by and 
three extractions with boiling 3:1 alcohol-ether. The residue was then | gay 
extracted with 5 per cent hot trichloroacetic acid at 90° for 20 minutes to | mag 
remove the nucleic acid fraction (17). | 4 

The skeleton with its attached muscie was boiled for 30 minutes in | ang 
distilled water, and the muscle stripped from the bones. The muscle | Me 
tissue was minced in a Waring blendor and extracted with alcohol-ether | gam 
in the same manner as the liver and viscera were, to remove the lipides. (the 

The protein residue from each of the three fractions was hydrolyzed | gay 
by refluxing with 8 n H,SO, (10 ml. per gm.) for 24 hours, and the sulfate | fro 
removed by treatment with Ba(OH),. The filtrate and washings from the and 
BaSO, were combined, concentrated, and tyrosine removed by crystalliza- | for 
tion at its isoelectric point. The filtrate was adjusted to pH 3 to 4, and | ang 
arginine isolated as its monoflavianate. After removal of excess flavianic | add 
acid and concentration of the solution, hot, saturated Ba(OH),2 was added, | tap 
to pH 10. The solution was filtered and 4 volumes of ethanol added. 7 
After refrigeration, the barium salts of glutamic and aspartic acids were | are 
centrifuged, washed, dissolved in a minimum of water, filtered, and re g 
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yti- | precipitated. The barium was removed and the glutamic acid precipi- 
0 y, | tated as its hydrochloride and aspartic acid obtained as its copper salt. 
sof | The skeleton was extracted with 3:1 alcohol-ether, dried, and ground to 
sted } fine powder. This was suspended in water, and concentrated hydro- 
sIV | ¢hloric acid (2 ml. per gm.) added slowly with shaking. The CO, evolved 
mis- | was collected in a solution of sodium hydroxide and precipitated by the 
lried | gddition of an excess of 10 per cent barium chloride solution. The barium 
ithe | garbonate was centrifuged, washed with CO,-free water until the washings 
| were neutral to litmus, and dried in vacuo. Additions of acetone were 
iotin ) used to prevent the BaCO; precipitates from “creeping” during manipu- 





skin |  |ations. ft 4 
from The bone residue in dilute hydrochloric acid solution was extracted s ‘ 
Each | with ether (4 ml. per gm. of original bone) for 24 hours, and the ether r VW 
mn of | extraction repeated twice according to the method of Dickens (18) for tz 
> the | the isolation of bone citric acid. The ether extracts were combined, Q ij 
ecific { made alkaline by the addition of NaHCO; solution, and the aqueous 7 a 
‘were | alkaline layer removed. The ether layer was washed with NaHCO; = Hi 
y the | solution and the washings combined with the original alkaline layer. 5 a 
| This was made acid with HCl and boiled to drive off CO. The solution ite | 4 
ificed | was treated with norit, concentrated in vacuo to a small volume, and 2 | 
aring | (CaCl, solution was added. Calcium citrate was precipitated by making os 


pan- | thesolution faintly alkaline with ammonia. It was removed by centrifuga- 
ction | tion, washed with CO,-free water, and dried in vacuo. 

Both The radioactivities of all samples were measured as described in Paper 
d per | I(11). The samples were recrystallized or reprecipitated until activities 
ch by | and decomposition points remained constant. None of the tyrosine 
; then | samples contained detectable radioactivity, and so no further attempt was 
testo | made to purify these samples. 

The glutamic acid hydrochloride and copper aspartate samples were 
tes in | analyzed for their nitrogen content by a modification of the Koch and 
nuscle | MeMeekin nesslerization method (19). The nitrogen analyses for all 
-ether | samples of glutamic acid hydrochloride ranged from 7.5 to 7.9 per cent 
ipides. | (theory for CsH,O,N-HCl 7.6 per cent). The nitrogen analyses for all 
olyzed | samples of copper aspartate dried in vacuo at room temperature ranged 
sulfate | from 4.9 to 5.3 per cent (theory for CsHsO0,NCu-43H20 5.09 per cent), 
ym the | and that of two samples dried in vacuo at 100° was 7.1 per cent (theory 
alliza- | for Cj§H,O,NCu 7.19 per cent). Since arginine monoflavianate cannot be 
4,and | analyzed well for nitrogen, the criteria of its purity which were used, in 
ianie | addition to constant radioactivity on recrystallization, were decomposition 
added, | range and the characteristic highly developed luster of the crystals (20). 
added. The radioactivities of the compounds isolated in the first experiment 
s were | atlisted in Table I. 
nd re- Since the level of C™ fixed was low, it was felt that more significant 
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results might be obtained if a higher injection dose were employed, and for 
this reason a second experiment was carried out. The animals were 
kept on experimental rations for 15 weeks. Therefore the animal! on the 
low biotin ration had reached a more severe state of biotin deficiency than 
had been obtained in the previous experiment. The procedure was altered 
in that a larger total dose of NalIC"O; was administered as a single injec. 
tion. The control animal, weighing 356 gm., was injected with a solution 
of NaHCO, equivalent to 10 mg. of barium carbonate having a specific 
activity of 3 per cent C“. The deficient rat, weighing 198 gm., was given 
the equivalent of 5.6 mg. of BaCO;. This dose was directly proportional 
to body weight. 


TaBLeE I 
C™ Fized into Tissue Components of Normal and Biolin-Deficient Rats 


























Activity as net counts 
per sec. per gm. sample* 
Tissue Compound Isolated and counted as Ration fed 
vlna ae biota 
| low fat 
Liver Arginine Flavianate 21 5 | 2 
Glutamic acid Hydrochloride 0 0} 0 
Aspartic ‘“ Copper salt 5 0; 0 
Viscera Arginine Flavianate 5 6 | 0 
Glutamic acid Hydrochloride 0 0/] 0 
Aspartic ‘“ Copper salt 0 0 | 0 
Muscle Arginine Flavianate 3 0] 0 
Glutamic acid Hydrochloride 0 0 0 
Aspartic ‘ Copper salt 0 0; 0 
Skeleton CO; Barium ‘“ 24 16 
Citric acid Calcium ‘‘ 2 0 | 








* All activities under 1 count per second per gm. of sample are recorded as zero. 


Respiratory carbon dioxide was collected for alternate 15 minute periods, 
beginning 15 minutes after the injection and continuing until the animal 
was sacrificed 3 hours later. The animal was placed in a large desiccator 
into which CO,-free air was drawn. The expired carbon dioxide was 
collected in carbonate-free sodium hydroxide solution and precipitated by 
the addition of a solution of barium chloride. The barium carbonate was 
centrifuged, washed with CO,-free water until the washings were neutral 
to litmus, and dried in vacuo. The activities are given in Table II. These 
experiments were done before it was known that a normal animal injected 
with less than 1 mg. of C“O, as NaHCO; will excrete over 50 per cent of the 
dose within 16 minutes as respiratory CO, (21). It scems probable from 





ou 
pel 


tis 
ty! 


Lit 


Vis 


Mi 


Sk 


d for 
were 
1 the 
than 
tered 
njec- 
ution 
ecific 
Ziven 
ional 


counts 
sample* 








Low 
biotin: 
low fat 


i) 


oooocpcooco & 





S zero. 


eriods, 
unimal 
iccator 
le was 
ted by 
te was 
reutral 
These 
rjected 
of the 
le from 





P. R. MACLEOD AND H. A. LARDY 737 


our results that the biotin-deficient rat may have lost an even greater 
percentage of the injected C during the first 15 minutes after the in- 
jection. 

When the animals were sacrificed 3 hours after the injection, their 
tissues were treated in the manner already described for the isolation of 
tyrosine, arginine, and the barium salts of glutamic and aspartic acids. 


TaBLeE II 


C' Concentration of Respiratory CO: of Animals Given Single Intraperitoneal 
Injection of NaHC'*0; 
































Activity as net counts per sec. per gm. BaCOs 
Sample No. Min. after injection 
Control Low biotin 

1 15- 30 47,400 23 , 500 

2 45- 60 28,000 13,400 

3 75- 90 19, 200 8,300 

4 105-120 13,000 6,100 

5 135-150 9,400 4,400 

6 165-180 6,900 3,400 

Taste III 
C' Fixed into Tissue Components of Normal and Biolin-Deficient Rats 
Activity as net counts 
Tissue Compound Isolated and counted as won 
Control | Low biotin 

Liver Arginine Flavianate 65 11 
Glutamic and aspartic acids Barium salts 3 0 
Viscera | Arginine Flavianate 7 3 
Glutamic and aspartic acids Barium salts 3 0 
Adenine Picrate 29 18 
Guanine Free base 109 15 
Muscle | Arginine Flavianate 2 2 
Glutamic and aspartic acids Barium salts 0 0 
Skeleton | CO, Barium salt 260 75 
Citric acid Calcium ‘‘ 7 0 

















* All activities under 1 count per second per gm. of sample are recorded as zero. 


When the latter barium salts were being repurified prior to the isolation of 
the two amino acids, the samples were lost because of an accident while they 
were being centrifuged. For this reason the fixation of C“ into the indi- 
vidual amino acids is not known. Bone carbonate and citrate were 
isolated as before. 


In addition, the purine bases were isolated from the hot trichloroacetic 
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acid extract of the viscera protein. This fraction was chosen in preference 
to the corresponding fraction from liver, since a preliminary measurement 
on the crude material indicated a greater C™ fixation in the viscera nucleic 
acid. The extract, made strongly acid with HCl, was freed of trichloro. 
acetic acid by ether extraction and concentrated to dryness in vacuo, 
The residue was hydrolyzed by suspending it in methanol and refluxing 
for 3 hours in the presence of a continuous stream of dry HCl. The 


hydrolysate was decolorized with norite, concentrated to dryness in vacuo, | 


~ 


os 


and dried over CaCl. It was then taken up in anhydrous methangl 
saturated with dry HCl. The combined adenine and guanine hydr. 
chlorides were filtered and washed rapidly with methanol saturated with 
equimolar adenine and guanine hydrochlorides. To the mixture was 
added double its weight of an equimolar mixture of adenine and guanine 
hydrochlorides as carriers. The adenine was then separated as the picrate 
and guanine as the free base (22, 23). 

The corrected activities of the compounds isolated in the second exper- 
ment are listed in Table III. 


RESULTS AND DISCUSSION 


The earliest suggestion of a physiological function for biotin was made 
in 1942 by Pilgrim, Axelrod, and Elvehjem (24) when they demonstrated 
that liver homogenates from biotin-deficient rats had a greatly decreased 
rate of pyruvate oxidation compared with normal controls. It has since 
been demonstrated that the failure of certain microorganisms to grow ona 
biotin-deficient medium is due to their inability to condense CO, with py- 
ruvate to form oxalacetate and aspartate. The data in Tables I and II 
indicate that the biotin-deficient animal did not fix any appreciable amount 
of C“O, into bound aspartic or glutamic acid, while the control fixed a 
small but definite quantity into aspartic acid. This may indicate that the 
rat synthesizes aspartate more readily than glutamate. This is in agree 
ment with the finding by Rose et al. (25) that glutamate added to a mixtur 
of essential amino acids results in growth stimulation, while aspartate has 


no effect. The low fixation into these two amino acids of both deficient | 
and normal rats may be due to the fact that on a high protein diet they had _ 


an adequate dietary supply of aspartic and glutamic acids and were not 
obliged to synthesize their own. It has been demonstrated in Paper ! 
(11) that aspartate inhibits the fixation of CO, by Lactobacillus arabinosus, 
and the same situation may arise here. 

Delluva and Wilson (8) have recently shown that the normal rat incor 
porates more labeled carbon into arginine isolated from liver protein than 
into either aspartate or glutamate. They interpret this on the basis d 
the function of arginine in the urea cycle. Our results similarly indicate 
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a high fixation of C™ into liver arginine and, as shown in Table III, the 
control rat fixed about 6 times as much C* into this amino acid as did the 
the deficient animal. Since the liver is the main organ of urea formation, 
this suggests that there may be a slower rate of urea formation in the 
liver of the biotin-deficient rat. 

It should be remembered that the arginine isolated was that of tissue 
protein and not “free” arginine which might, at the moment, be participat- 
ing in urea formation. The isotopic amino acids formed during metabo- 
lism are also considerably diluted with non-isotopic amino acids of dietary 
origin when they are incorporated into tissue protein. It should also be 
pointed out that the major portion of the injected CO, is excreted as 
respiratory COz. Gould e¢ al. (21) have recently reported that over 90 
per cent of an injected dose of NaHCO; is excreted within 4 hours in 
this manner. 

There was also a marked difference in C" fixed in the purine bases iso- 
lated from the viscera nucleic acid. The adenine isolated from the defi- 
cient rat contained about one-half as much C™ and the guanine about 
one-seventh as much C* as did the corresponding compounds from the 
control animal. This ratio of C™ in the adenine samples was the same as 
that in the respiratory CO:, while the C™ ratio in the guanine samples was 
very different. The fact that there was a much greater fixation of C™ into 
the guanine of the normal rat than into the adenine seems noteworthy. 
The values reported were checked with different counter tubes on subse- 
quent recrystallizations. Adenine has been considered a precursor of 
guanine, since dietary adenine is incorporated into nucleic acid adenine 
and guanine, as demonstrated by Brown et al. (26, 27). However, dietary 
guanine is not incorporated into nucleic acid adenine or guanine (26, 28). 
One explanation for the much higher C* fixation into guanine may be 
that the guanine, when once formed from adenine, can undergo CO, 
exchange without complete disruption of the molecule. 

It is probable that the C“ in the purines is mainly in position 6, and toa 
lesser extent in position 4, since it has been shown by Buchanan et al. (9) 
that isotopic C'O, is fixed into these positions in uric acid, which is pre- 
sumably derived, at least in part, from the purines. These authors suggest 
amechanism for the fixation into position 4 on the basis of a condensation 
of CO, with pyruvate and subsequent formation of isotopic lactate. To 
date there has been no suggestion for a mechanism of CO, fixation into 
position 6. However, once the purines are synthesized, carbon 6 in adenine 
is fixed by virtue of the amino group attached to it, but it is possible that 
carbon 6 in guanine might undergo CO; exchange. In this connection, 
the difference in the ratios of adenine C“ to guanine C™ should be pointed 
out. The adenine C“ to guanine C" ratio for the control animal is 1:3.8, 
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while for the deficient animal it is only 1:0.8. Some type of metabolic | 


CO, exchange, as suggested, may account for the lower C™ level in the 
guanine of the deficient rat compared with the adenine from the same 
animal. In any case, it is apparent that the deficient animal was leg 
capable of utilizing C“O, for nucleic acid purines than was the norma! 
animal. 

From 15 minutes to 3 hours after the administration of the isotopic 
carbon, the deficient animal consistently excreted about one-half as much 
CO, as respiratory CO, as did the control animal. However, there was 
only about one-third to one-fourth as much C" in the bone carbonate of 
the deficient animal compared with the control. Therefore, it seems 
unlikely that the presence of C“ in the bone carbonate is due merely to 
adsorption or simple exchange of CO:, but it is probable that ap 
enzymatically catalyzed fixation mechanism is involved as well. 

There appeared to be no C* in the bone citrate of the deficient animal, 
whereas that from the control showed a small but definite quantity of iso- 
topic carbon. This would seem to indicate that bone citrate is in dynamic 
equilibrium with other tissue citrate. The small fixation is probably due 
to the fact that the major portion of the isotopic citrate formed would be 
immediately oxidized via the citric acid cycle. 

In a continuation of this work, experiments have been carried out! on 
the influence of biotin deficiency on the ability of rat liver to synthesize 
citrulline from ornithine. These results (to be published later) demon- 
strate that livers from biotin-deficient animals synthesize citrulline about 
one-half as rapidly as do normal rat tissues. Liver tissue from rats pair- 
fed with the biotin-deficient rats synthesized citrulline as rapidly as did the 
normal controls. Normal rates of citrulline synthesis were also obtained 
with tissues from vitamin Be-deficient rats and their pair-fed controls. It 
seems probable that biotin is required as a coenzyme in several different 
enzymatic reactions involving the fixation of CO», or that it is essential for 
the formation of a single common precursor which is incorporated into the 
carbon structure of arginine, aspartic acid, citric acid, and the purines. 


~ 


—————— 


We are indebted to Professor R. H. Burris for generously supplying C" | 


and facilities for its determination. 


SUMMARY 


Intraperitoneal injection of sodium bicarbonate containing C™ into nor | 


mal and biotin-deficient rats resulted in a larger C" fixation into the 
adenine, guanine, arginine, aspartic acid, citric acid, and bone carbonate 


1 In collaboration with Dr. 8. Grisolia and Professor P. P. Cohen. 
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the control animal than into the corresponding compounds of the biotin- 


deficient animal. The implications of these results are discussed. 


a a ot oe OO Ob 


8. 

9, 
10. 
ll. 
12. 
13. 
14. 
15. 
16. 
li. 
18. 
19. 
2. 
21. 


22, 
23 


BIBLIOGRAPHY 


. Wood, H. G., and Werkman, C. H., J. Bact., 30, 332 (1935); Biochem J., 30, 48 
(1936). 

. Ruben, S., and Kamen, M. D., Proc. Nat. Acad. Sc., 26, 418 (1940). 

. Evans, E. A., Jr., and Slotin, L., J. Biol. Chem., 136, 301 (1940). 

_Rittenberg, D., and Waelsch, H., J. Biol. Chem., 136, 799 (1940). 

. Evans, E. A., Jr., and Slotin, L., J. Biol. Chem., 136, 805 (1940). 

. Grisolia, S., and Cohen, P. P., J. Biol. Chem., 176, 929 (1948). 

. Solomon, A. K., Vennesland, B., Klemperer, F. W., Buchanan, J. M., and Hast- 
ings, A. B., J. Biol. Chem., 140, 171 (1941). 

Delluva, A. M., and Wilson, D. W., J. Biol. Chem., 166, 739 (1946). 

Buchanan, J. M., Sonne, J. C., and Delluva, A. M., J. Biol. Chem., 173, 81 (1948). 

Burk, D., and Winzler, R. G., Science, 97, 59 (1943). 

Lardy, H. A., Potter, R. L., and Burris, R. H., J. Biol. Chem., 179, 721 (1949). 

Lardy, H. A., Potter, R. L., and Elvehjem, C. A., J. Biol. Chem., 169, 451 (1947). 

Stokes, J. L., Larsen, A., and Gunness, M., J. Bact., 54, 219 (1947). 

Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 

Brody, S., Bioenergetics and growth, New York (1945). 

Kleiber, M., Physiol. Rev., 27, 511 (1947). 

Schneider, W. C., J. Biol. Chem., 161, 293 (1945). 

Dickens, F., Biochem. J., 35, 1018 (1941). 

Miller, G. L., and Miller, E. E., Anal. Chem., 20, 481 (1948). 

Vickery, H. B., J. Biol. Chem., 182, 325 (1940). 

Gould, R. J., Rosenberg, I. M., Sinex, M., and Hastings, A. B., Federation Proc., 
7, 156 (1948). 

Hunter, G., and Hlynka, I., Biochem. J., 31, 486 (1937). 

. Levene, P. A., J. Biol. Chem., 58, 441 (1922). 


4, Pilgrim, F. J., Axelrod, A. E., and Elvehjem, C. A., J. Biol. Chem., 145, 237 (1942). 


3, 


. Rose, W. C., Oesterling, M. J., and Womack, M., J. Biol. Chem., 176, 753 (1948). 


26. Brown, G. B., Roll, P. M., Plentl, A. A., and Cavalieri, L. F., J. Biol. Chem., 


27. 


172, 469 (1948). 
. Brown, G. B., Petermann, M. L., and Furst, 8. 8., J. Biol. Chem., 174, 1043 (1948). 


%. Plentl, A. A., and Schoenheimer, R., J. Biol. Chem., 163, 203 (1944). 


az 


ase 


ivVnAiLYd 


+A 


iii 


Vi 


Witt tai i 


ee 


i 
4 

















By 


(F: r 





} 








PHOTOMETRIC MEASUREMENT OF PLASMA pH 


By DONALD D. VAN SLYKE, JAMES R. WEISIGER, anv K. KELLER 
VAN SLYKE* 


(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, December 30, 1948) 


The advantages of the spectrophotometric technique in applications of 
indicator methods were pointed out in 1924 by Brode (1) and by Holmes 
(2, 3) who emphasized the accuracy of readings, the freedom from error 
from phenomena of dichromatism, the ease with which corrections can be 
made for color or turbidity in the material examined, and the small amounts 
of fluid that can be used. Over comparator technique the photometric 
has also the advantage that the latter does not require the continuous use 
of numerous standards. 

Nevertheless the spectrophotometer has not found general application 
in measurement of plasma pH. Perhaps one reason is that the careful 


| studies of Robinson and Hogden (4) on the optical density curves of phenol 


red in serum, buffered to known pH levels by mixing with phosphate and 
veronal buffers, showed peculiar effects of the plasma proteins on the den- 
sity curves of the dye. The wave-length at which the dye showed maximal 
optical density was shifted from its normal value of 560 my, and dye den- 
sities measured at 560 my were significantly decreased by the presence of 
the proteins. The effect was greater when phosphate was used than when 
veronal buffers were employed. 

Results in the present paper show that when human plasma is diluted 
with 20 volumes of neutral 0.9 per cent NaCl solution containing phenol 


_ ted, the only buffers present being those of the plasma, effects of the pro- 
' teins on the optical density of the dye, such as those observed by Robinson 


and Hogden in serum diluted with phosphate or veronal buffer solution, 


_ either do not occur, or occur only to such an extent as to balance a slight 
| increase in pH caused by diluting the plasma with the NaCl solution. 
| Consequently it is possible to estimate human plasma pH from the optical 
| density of phenol red in the diluted plasma with a standard deviation, from 


| the pH determined in undiluted plasma by the hydrogen electrode, of only 
_ £0.02 pH unit. 


The indicators, temperature control, and conditions for diluting the 
plasma are the same as those used by Hastings and Sendroy (5) in colori- 
metric plasma pH measurements by means of test-tube comparators, but 
changes in so many details have been found expedient in adapting the pro- 
vedure to the spectrophotometer that their description appears desirable. 


* Present address, Medical College Hospital, Richmond, Virginia. 
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744 PHOTOMETRIC PLASMA PH 


Relation of Optical Density to pH and pK’ of Indicator | used 

With the sulfonphthalein indicators (4-8) it has been found that the rela. and é 
tion of optical density to pH can be formulated, for the useful ranges of the 
indicators, on the assumptions (1) that the indicator is divided into the by m 
undissociated acid, HA, and the anion, A~, according to the Henderson. cite 
Hasselbalch equation for weak acids, the anion A~ representing the dis. Dail 
sociated alkali salt of the indicator, and (2) that each of the two forms of Eque 
the indicator has its own characteristic curve of optical density versus waye- the \ 
length of transmitted light, the densities of the two forms being additive, 





Let E; and E, be the optical densities of the alkaline and acid forms of , 
the indicator, respectively, measured in solutions of unit concentration (eg, | Tl 
1 mg. or 1 mM per liter), and with a transmitting layer 1 cm. in length, | 
Let D be the measured density at any given pH in the useful range of the od 
indicator, in a solution of S concentration of total dye, with a transmitting cal 
layer of /cm. Let f be the fraction of the indicator in the alkaline form, i 
A-, and 1—f be the fraction in the acid form, HA. Then, for light of a given ‘ ; 
wave-length, rp 
(1) D=lE, fS+1E;(1 — f)S two: 


When D, and D, are the optical densities of the alkaline and acid forms, re- 
spectively, of the indicator measured in a cuvette presenting the same | ae 





used to measure D, and in a solution of the same concentration, S, used to bt 
measure D, the equation simplifies to tne | 

(2) D = Dif + D,(1 — f) 
A 
The Henderson-Hasselbalch equation, pH = pK’ + log ((A~]/[HA]) may | tag. 
be written as pH = pK’ + log (f/(1 —f)). From Equation 2, f = (D - A 
D:)/(D: — Ds). Whence (f/(1 — f)) = (D — Dz)/(D: — D), and mor 
CO 

D — D, 

(3) pH = pK’ + log D.- D abor 


1 
When, at the wave-length used, D, = 0 (e.g., phenol red with wave-length | Cole 
550 to 560 my (4)), Equation 3 simplifies to 





Com 

’ D tions 

(4) pH = pK’ + log D-D | ean 
of pl 

The above formulation applies to the method described in the preset ms 
ve 

2 | dens 
In the application of Equations 3 and 4 to pH measurement, requll® | jy). 


ments for accuracy are that the measurements of D be made with solutiolS | thes 
of the same dye concentration, S, and in cuvettes presenting the same | and: 
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used in determining the constants D,; and D,; accurately calibrated cuvettes 
and accurately measured additions of dye are therefore essential. 

With some indicators the necessity for constant / and S can be avoided 
by measuring in the same cuvette two optical densities, D, and Ds, at two 
different wave-lengths, a and b, such that the pH is indicated by the ratio 
D.:D». The theoretical basis of the procedure may be formulated from 
Equation 1 as follows, subscripts a and b being used to indicate values at 
the wave-lengths a and b respectively. 


De Sl(fEa + (1 — f)E«s] 


(6) Dy SUfEn + (1 — f)Ewl 





The values of S and / cancel out, and the ratio D,: D, becomes the meas- 
ure of f and hence of pH. The curve of D,:D, versus pH can be plotted by 
calculating f for values of pH calculated by the Henderson-Hasselbalch 
equation in the form, f = 1/(1 + antilog (pK’ — pH)). 

Freedom from necessity for accurate addition of dye to obtain a constant 
§ value may offer a significant advantage when small volumes are used. 
On the other hand, the ratio procedure has the disadvantage that it requires 
two readings, so that their errors are additive. The procedure has recently 
been used by Rutledge (7) for plasma pH determinations with phenol red, 
with measurement of densities at the wave-lengths 565 and 420 my, at 
which maximal densities are approached by the alkaline and acid forms of 
the indicator, respectively. 


Special Apparatus 


A photometer, preferably capable of receiving cuvettes in the form of 
test-tubes.! 


A small water bath set at 38.5° and provided with a rack to hold six or 
more cuvettes. 


Cuvettes, cylindrical, of about 16 mm. bore for macrodetermination, and 
about 10 mm. for microdetermination.? 


'The present work was done chiefly with the Coleman junior spectrophotometer» 
Coleman Electric Company, Maywood, Illinois. 

* As cuvettes we have used ‘‘culture”’ test-tubes, No. 9446 of the Arthur Thomas 
Company, 150 X 18 mm. external measurement (16 mm. bore) for macrodetermina- 
tions, 75 X 12 mm. (10 mm. bore) for microdetermination. The cuvettes of each set 
were tested for uniformity by measuring in them the optical density of a solution 
of phenol red, 2 mg. per liter, in 0.002 n NaOH, with light of 550 mg. The solution 
showed an optical density of about 0.40 in the larger cuvettes and 0.23 in the micro 
cuvettes. A set of each size is selected such that each tube of a set gives an optical 
density within +0.5 per cent of the mean and shows no change when the tube is 
rotated. From 100 tubes it is usually possible to select a set of twenty which meet 
these requirements. We have found that this selection yields more uniform cuvettes 
and is more economical than the purchase of calibrated cuvettes. 
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A 2 ml. graduated pipette drawn out near the tip into a capillary abou 


sm 

30 mm. in length and 1 to 1.5 mm. in bore. The capillary is used for de. | ob’ 
livering plasma into saline-dye solution under a layer of oil. | of 
val 

Permanent Solutions | for 


Stock Solutions of 0.6 m Na,HPO, (142.0 Gm. per Liter) and KH,P0,| ©) 
(136.1 Gm. per Liter)—Anhydrous salts are used. The solutions are kept , (7) 
in Pyrex flasks in an ice box. The stock solutions are made of 0.5 m instead 
of M/15 concentration because the latter arelessstable. From the Na;HPO, 
solution crystals separate in the cold, but they are readily redissolved 
by warming each time the solution is used. The solutions in stoppered bal 
Pyrex flasks keep unchanged in the refrigerator for at least 1 year. The tw 
NazHPQ, solution will absorb atmospheric CO, and change its pH value 


























P (8 
if much exposed to air. Hence the stoppers are removed from the flasks ' 
only for the intervals necessary to withdraw solution for use. (9) 
Wh 
TABLE I oH 
Preparation of Standard 0.5 u Phosphate Solutions 

Nees Bull worst ireunrsre O17 ~ ciel ihe: eiiteien e Rit tae an Be 
0.5 u stock eclution pH obtained yates —baealena mixed 0.5 | “i 
~ NasNPOs EHPO, | 20 «| 26 See 
a+ | = | — | che 
ml. ml. | | , 
is wit 

50.0 | 23.68 | 7.13 1.12 | 7H 7.10 
50.0 11.48 | 7.43 7.42 | 7.41 7.40 sto 
oe | se | Rael oone | 2n | sa 
—— - ve mars era vee sev 
, . ‘ ] 
0.6 m Mixed Phosphate Solutions—These three solutions are made by ohe 


mixing the above stock solutions in the proportions shown in Table |. a 
Into each of three Pyrex Erlenmeyer flasks of 125 ml. capacity pipette 50 ml. 
of the 0.5 m NasHPO, solution. Then from a 25 ml. burette measure the 
volumes of 0.5 mM KH2PO, solution indicated in Table I. The solutions 
will keep unchanged for a year if kept stoppered in a refrigerator. They ) 
are used for preparing the less stable m/15 standard phosphate solutions 


der 


The proportions of Na: HPO, and KH;PO, for different pH values are interpolated 
from the data of Hastings and Sendroy (5) who determined with the hydrogen elec- 
trode at 20° and 38° the pH values of twenty-five mixtures of M/15 phosphates over | perl 


= 


the pH range from 6.8 to 8.1, their electrodes being standardized with 0.1 N HCl, | of § 
which was assumed to have a pH of 1.08 at both temperatures.* Because of the = 
ee te 





3 The reasons for the utility of 0.1 N HCl, with assumed pH of 1.08, as a standard ons 
have been presented by Cullen, Keeler, and Robinson (9), on grounds that appear? | yyy 
be still valid. This standard is the present basis of many of the data used in bio- proc 
chemistry, such as the values of the pK’ of the Henderson-Hasselbalch equation used Tans 
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small and linear change of the pK’ of phosphate with pH, the simplest procedure to 
obtain exact interpolation, and to detect deviations of individual data from the trend 
of the series, is to plot the best line of the equation, pK’ = a + 6 pH, and estimate 
values of pK’ for desired pH values by interpolation on this line. The best lines 
for 20° and 38° are indicated by the equations 


(6) PK’s0e = 7.125 — 0.045 pHace 
(7) pK’'s° = 7.107 — 0.0467 pHa 


Of the 50 sets of Hastings and Sendroy’s values, all but two at 20° and one at 38° 
gave values for pK’ within 0.004 unit of those indicated by Equations 5 and 6. 


From these equations R, the ratio NagHPO,: KH2PQ,, of the Henderson-Hassel- . 


balch equation, pH = pK’ + log R, is defined for m/15 phosphate solutions at the 
two temperatures by Equations 8 and 9. 


(8) log Rao = 1.0450 pHeoe — 7.125 
(9) log Rsge = 1.0467 pHss° — 7.107 


When 50 ml. of NazHPO, solution are used, the ml. of KH:PO, are calculated for any 
pH as 50/R. 


Phenol Red, Stock 0.1 Per Cent Solution—Grind 100 mg. of phenol red 
with 28.2 ml. of 0.01 n NaOH till dissolved, and dilute to 100 ml. (6). For 
several days after the solution is prepared the phenol red may undergo 
change, indicated by a shifting of the pH-optical density curve prepared 
with solutions of the dye in phosphate buffers. Hence, in order to have a 
stock solution from which working solutions of relatively constant optical 
properties can be prepared, it is preferable to prepare the stock solution 
several days before use of it is begun. 

Phenol Red Solution, 80 Mg. per Liter—Dilute 20 ml. of 0.1 per cent 
phenol red solution to 250 ml. with water. Store in a Pyrex flask in the 
refrigerator. It will usually keep several months without change in optical 


_ density values. The stability of the dye is checked by repeating the de- 
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termination of the standard curve of pH versus optical density (see below) 
once a month or oftener. 


NaCl Solution, 22.5 Per Cent (225 Gm. per Liter). 








for bicarbonate solutions (10), for blood plasma (9, 11, 12), and for urine (13). pH 
values obtained on the basis of this standard agree nearly within the limit of ex- 
perimental error with values at 18° based on the original phosphate buffer solution 
of Sgrensen (14). 0.1 N HCl was used as standard by Sendroy, Shedlovsky, and 
Belcher (15) together with the acetate standards of MacInnes, Belcher, and Shed- 
lovsky (16). Liquid junction potential made the 0.1 w HCl give Eo values less ac- 
curately reproducible than values by the acetate standards in the glass electrode. 
In the Clark type of hydrogen electrode, however, the HCl values were found re- 
producible, and, in agreement with the acetate values, to less than 0.01 pH (Mac- 
Innes, personal communication). 
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NaCl Solution, 0.9 Per Cent—Dilute 10 ml. of the 22.5 per cent solution 
to 250 ml. 

Neutralized Mineral Oil—In a 500 ml. separatory funnel place about 209 
ml. of mineral oil, an equal volume of water, and a few drops of 0.1 per cent 
phenol red solution. Add 0.02 n NaOH a drop at a time with vigorous 
shaking until the water solution of indicator becomes permanently pink, 
Centrifuge the oil to get out suspended water droplets. Decant the cleay 
oil with care that none of the water from the bottoms of the centrifuge 
tubes is mixed with the oil. Store in a stoppered flask. 

Approximately 0.02 n NaOH, kept in a Pyrex vessel and protected from 
exposure to atmospheric CO,. 


Solutions Made Immediately before Use 


Neutralized Saline-Dye Solution with 8 Mg. of Phenol Red per Liter—Thig 
solution is prepared immediately before it is to be used, as the pH is likely 
to fall too much if the solution stands for more than an hour or two. ” 
a 100 ml. volumetric flask place 4 ml. of the 22.5 per cent NaC! solution 
and about 80 ml. of water, and measure in accurately 10.00 ml. of the 80 


mg. per liter phenol red solution. Add by drops 0.02 n NaOH solution, | 


stirring by rotating the flask after each addition, until the color of the 


solution, judged by the eye, indicates that the pH is approaching 7.4, | 


Then fill the flask to within about 0.2 ml. of the mark, and continue addition 
of the 0.02 n NaOH a drop at a time until the pH at room temperature is 
between 7.4 and 7.6. The pH is tested at this stage after each addition of 
NaOH by pouring about 10 ml. of the solution into a cuvette and reading 
quickly the optical density. The solution is then returned to the 100 ml. 
flask, and, if necessary, more 0.02 Nn NaOH is added. This procedure is 
repeated until the pH is raised to between 7.4 and 7.6. It is better to have 
it a little above 7.4 rather than below, because the pH tends to fall from 
absorption of atmospheric CO, while the solution is being used. [If the 
pH falls below 7.4 before a series is finished, it may be restored by adding 
a drop of 0.02 n NaOH to the unused residue of the solution. Keep the 
100 ml. flask containing the solution stoppered to retard absorption of at- 
mospheric CO,. As shown by Hastings and Sendroy (5), the accuracy of 


the colorimetric pH determination is not significantly affected if the pH of | 


the saline dye solution is within +0.2 pH unit of the plasma pH. 


m/15 Standard Phosphate-Dye Solutions of pH 7.10, 7.40, and 7.70 (at 38°) | 
Containing 7.62 Mg. of Phenol Red per Liter—(These are needed only when 


the pH-optical density curve is checked.) For standards for the macro- 
procedure described below, prepare six dry test-tube cuvettes with stoppers. 
Duplicate cuvettes are prepared with each of the three phosphate solutions 
of Table I. Into each cuvette measure 8.15 ml. of water, 1.35 ml. of 0.5¥ 
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mixed phosphate solution (Table I), and, from a calibrated pipette, 1.000 
ml. of the 80 mg. per liter phenol red solution, making a total volume of 
10.5 ml. After adding the dye solution, mix the contents of each cuvette 
with a footed rod and at once stopper the cuvette to protect from atmo- 
spheric COs. 

If the microprocedure is to be used, one solution of each pH is prepared 
as above, and duplicate portions of each are pipetted into micro cuvettes. 

The solutions with the three pH values are used on the same day on which 
they are made. 


Preparation of Standard pH-Optical Density Curves 


Prepare three pairs of cuvettes with M/15 phosphate of pHs: 7.10, 7.40, 
and 7.70, respectively, as described above. 

Two curves are prepared, one with the standard phosphate-dye solutions 
at room temperature, the other with the same solutions warmed to 38°. 
The six tubes provide duplicate readings for each pH point. 

For the room temperature curve the optical densities of the freshly pre- 
pared standard phosphate-dye solutions are read in the photometer, the 
zero point being set with a water blank before each reading. (This curve 
isused only for checking the approximate pH of saline-dye solutions.) 

For the 38° curve the six cuvettes containing the standard phosphate- 
dye solutions are placed in a bath of water of temperature 38.5°. The 
cuvettes are immersed so that the surfaces of their solutions are below the 
level of the water surface in the bath. 5 minutes in the bath suffice to 
bring the solutions to its temperature. Each tube is removed from the 
bath, wiped, and its optical density is quickly read with a wave-length of 
550 mu before its temperature falls below 38°. (1° temperature change 
alters the apparent pH by about 0.01 unit.) The zero point of the pho- 
tometer is set before each reading with a water blank, which need not be 
warmed. 

The densities for the 38° curve are plotted for the pH values 7.10, 7.40, 
and 7.70; the densities for room temperature are plotted for the pH values 
indicated by Table I. Since the curves are nearly linear, three points 
suffice for each. They are plotted on a scale which permits estimating 
densities to +0.001 and pH to +0.002. Fig. 1 shows an example of the 
curve obtained with cuvettes of approximately 16 mm. bore.” 


MACROPROCEDURE FOR DETERMINATION OF PLASMA PH 


Preparation of Duplicate Saline Plasma-Dye Solutions and of Blank Solu- 
tion—Draw about 5 ml. of blood without exposure to air and run the blood 
under oil previously placed in a tube that contains a dry film of heparin 
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(0.2 mg. per ml. of blood) or of neutral potassium oxalate (1 to 2 mg. per 
ml. of blood). 


Centrifuge under conditions avoiding loss of CO. Blood centrifuged | 


under a thick layer of oil may lose enough CO; to the oil to raise appreciably 


Optical density 





70 1 #@2 13 #74 ~~ #215 + #76 ~ 27 
pH 
Fig. 1. Type of nearly linear curve of optical density of phenol red, measured 
with light of 550 my wave-length, at pH 7.1 to 7.7. 








Fic. 2. Test-tube cuvette with cork float, oil, and blood, prepared for anaerobit | 


centrifugation. See foot-note 4. 


the pH of the plasma. A convenient device for anaerobic centrifugation 


is the float shown in Fig. 2.4 The float is inserted after the blood has beet | 


4 The float is of a diameter about 1 mm. less than the bore of the centrifuge tube. 
The float may be made of thin glass tubing, a flattened nob being left at the top tobe 
grasped by pincers when the float is withdrawn from the tube. The float may als 
be made of cork. by grinding a stopper to a cylinder of the necessary diametel, 
rounded at both ends as shown in Fig. 2. To facilitate withdrawing the cork from 
tubes, a thin copper wire is forced part way into the cork, as shown in Fig. 2. 








cu 


er 
of 
du 


g. per 





ifuged | 
clably | 


veasured 


anaerobic | 


fugation 
has beet 


fuge tube. 
. top tobe 
_may also 
diameter, 
cork from 
g. 2. 





VAN SLYKE, WEISIGER, AND VAN SLYKE 751 


run under the oil and mixed with the anticoagulant. Then, by gently 
pressing a capillary tube attached to suction against the upper edge of the 
float, oil is withdrawn until the bottom of the float sinks nearly to the sur- 
face of the blood, leaving a layer of oil only 1 or 2 mm. thick between float 
and blood. The tube is centrifuged with the float in place. Just before 
plasma is withdrawn for the pH determination, the float is removed from 
the tube, leaving a thin layer of oil, which protects the blood during the 
time required for pipetting out the plasma sample. 

Pipette two 10.00 ml. portions of the neutralized saline-dye solution into 
two cuvettes, for duplicate determinations, and immediately cover with 
neutralized mineral oil. In a third cuvette place 10 ml. of 0.9 per cent 
NaCl solution without dye or oil to receive plasma for the plasma blank. 

Draw 1.6 ml. or more of plasma into the 2 ml. graduated pipette, the tip 
of which is drawn out into a capillary (see ‘‘Special apparatus”’). 

Run 0.5 ml. of plasma into each of the two cuvettes containing 10.00 ml. 
of saline-dye solution under oil, the drawn out tip of the pipette being thrust 
through the oil into the saline-dye solution during the delivery. 

A third 0.5 ml. portion of plasma, to serve as a blank, is then delivered 
into the cuvette that contains 10 ml. of 0.9 per cent NaCl without dye or 
oil. 

Mix the solutions in all three cuvettes by stirring with clean, footed rods. 

Place all the cuvettes in a water bath at 38.5°. Begin readings after the 
cuvettes have been in the bath 5 minutes. 

The use of duplicate solutions of plasma plus dye adds security against 
error from contaminated or inaccurately calibrated cuvettes. The readings 
of the duplicates seldom differ by more than 0.01 pH, however, and the 
duplicate plasma solution may be omitted when plasma for it is lacking. 

Photometric Readings—The optical density, D, of the dye in the dye- 
plasma solution is read, with the dye-free plasma-saline solution as a blank. 
Readings are made with the solutions at 38°, as described for readings of 
the phosphate-dye solutions in preparing the standard curve. 

In a photometer in which the blank and unknown are read in succession 
with the cuvettes in the same light beam, it is convenient, for a series of 
readings, to set the zero point with a water blank, and read the densities 
of both the plasma-saline blank and the plasma-dye solution, rather than 


‘In arecent paper Rosenthal (17) has found that in order to obtain pH values for 
plasma exactly equal to those of the blood as drawn it is necessary to centrifuge at 
38°. If the blood was cooled to 20° and centrifuged at that temperature, and the 
separated plasma was then warmed back to 38° for pH measurement, the pH obtained 
was about 0.03 unit greater than that observed if the centrifugation was carried out 
at 38°. However, practically all the data in the literature on the pH of blood plasma 
under physiological and pathological conditions have been obtained from plasma 
centrifuged at room temperature, and, for purposes of comparison with these data, 
it appears justifiable to continue the practice of centrifuging at room temperature. 
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to reset the zero of the photometer with each plasma blank. Then the 


dye density, D, is calculated as D = D, — Dz, where D, is the density of 


the plasma-dye solution and D, is the density of the plasma blank | 


The setting of the zero with the water blank is checked with each plasma 
reading. 


Calculation 


The pH is estimated by interpolation of D on the standard curve of pH _ | 


versus D at 38°. 

Blank for Optical Density of Plasma—The D, values obtained with nor. 
mal, apparently clear plasmas in the cuvettes of 16 mm. bore have varied 
between 0.01 and 0.04 optical density units, sufficient to affect the estimated 


pH by 0.015 to 0.06. In such plasmas, from normal blood not lipemic | 


from recent meals, one could, in case of necessity from lack of material, 
omit the D, reading and subtract 0.04 pH unit from the pH estimated from 
the D, reading, with a resultant error not exceeding +0.02 pH unit. After 
high fat meals have produced dense lipemia, however, D, values as high as 
0.11 have been observed in 21-fold diluted normal plasma, and some path- 


ological lipemias gave even higher values. These did not appear to affect | 
the accuracy of the pH determinations when the plasma blanks were | 


handled as described for the method. 


MICROPROCEDURE FOR PLASMA PH 


The procedure is identical with that described above, except that cuvettes 
of approximately 10 mm. bore’ are used, and one-fifth the volumes of plasma 
and saline-dye solution taken for the macroprocedure, the amount for each 


cuvette in the micromethod being 0.1 ml. of plasma and 2 ml. of the saline- | 


dye solution. 


MICROPROCEDURE WITH WHOLE BLOOD 


As shown by Hawkins (18), and confirmed by Hastings and Sendroy (8), 


if whole blood is mixed with 10 times its volume of neutral saline-dye solu- | 


tion and immediately centrifuged, estimation of the pH from the color of 
the supernatant solution gives the same results as those obtained by first 
separating the plasma and then diluting it with 20 volumes of the saline 
dye solution, as in the procedures described above. We have performei 
a few comparative analyses which indicate that similar identity of results 
is obtained when the measurements are based on optical densities. 

The reagents are the same as for plasma, except that the dye in the saline- 
dye solution mixed with the blood is made 5 per cent stronger (5). Henee, 
instead of diluting 10 ml. of the 80 mg. per liter dye solution to 100 ml, 
10.5 ml. are diluted to 100 ml. to prepare the saline-dye solution. 
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Procedure 


0.2 ml. of whole blood is run into a micro cuvette containing 2 ml. of 
neutral saline-dye solution, which is covered with a few mm. of oil and 
mixed with the blood. The oil is replaced by low melting paraffin, 
and the tube is at once centrifuged. The blood blank is prepared in the 
game way, except that the blood is mixed with 0.9 per cent NaCl contain- 
ing no dye. 

The centrifuged cells should settle so closely to the bottom of the cuvette 
that they are below the path of light in the photometer. If this is not the 
ease, the bottom of the slit in the adapter, in which the cuvette rests during 
readings, is covered with black paper to a sufficient height to insure that 
the cells will remain below the path of light. The photometer readings 
must be made within a half hour after centrifugation, or plasma pH may 
fall from acid formed in the cells. 


EXPERIMENTAL 
Determination of Plasma pH with Hydrogen Electrode 


Preparation of H2-CO, Mixtures—A low pressure steel tank was con- 
nected through heavy walled rubber tubing to a T-tube connected through 
stop-cocks to a flask of solid CO, and toa high vacuum pump. To remove 
air the tank was alternately evacuated and allowed to fill to atmospheric 
pressure with CO, three times. It was then evacuated again, and suffi- 
cient CO., measured by pressure, was admitted to give the desired amount 
in the final CO.-H2 mixture. The tank was then coupled to a high pres- 
sure tank of hydrogen and loaded to a total of 50 pounds positive pressure. 
Samples of the gas were withdrawn over mercury and analyzed for carbon 
dioxide content by the isolation method of Van Slyke, Sendroy, and Liu 
(19). Mixtures were thus prepared of the composition indicated in Table 
II. 

Preliminary Equilibration of Plasma with H2-CO, Mixture—10 ml. of 
fresh plasma were introduced into a 500 ml. separatory funnel fitted at the 
mouth with a tube closed with a pinch-clamp on rubber tubing. The 
funnel was evacuated with a water pump and filled with hydrogen-carbon 
dioxide mixture from the tank. The funnel was transferred to the 38° room 
and allowed to attain atmospheric pressure by quickly opening and closing 
the stop-cock as the gas warmed. Equilibration with the gas was obtained 
by rotating the funnel and passing fresh H2-CO, mixture through it. 

pH Measurement in Clark Cells—Four Clark (20) cells (Cullen modifica- 
tion (21)) were connected through saturated KCl liquid junction to a 
saturated KCl-calomel electrode and each was filled completely with the 
previously equilibrated plasma. To assure complete equilibration fresh 
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gas mixture was passed through each cell for 1 minute, displacing part of 





























i d 
the plasma. The cell was then closed, except for the hydrogen inlet tube, | of 
and was rocked for 15 minutes with the hydrogen-carbon dioxide mixture | pe 
at atmospheric pressure. 

TABLE II pl 
Comparison of Electrometric and Photometric pH Values at 38° ™ 
Electrometric | CO: con- gas 
— metric Sidiaieee ads. 7 | - “ised to | Acid or alkali added to plasma sur 
par ——. He" | aa marate | os 
DT os aoe 4 terry Re ea, eel emma 7 ee the 
per cent 
1 7.60 7.58 7.60 —0.02 4.90 0 
2 7.32 7.32 7.34 | +0.00 4.90 0 
3 7.21 7.20 7.20 —0.01 6.22 0 ! 
4 7.23 7.22 7.19 —0.01 6.22 0 le 
5 | 7.24 | 7.24 | 7.23 | 40.00 | 6.22 0 P 
6 7.14 | 7.13 —0.01 | 6.22 0.025 vol. 0.2 N lactic Inr 
7 7.63 7.63 7.65 | +0.00 1.97 0 at 
8 7.63 7.65 7.65 | +0.02 1.97 0 tab 
9 7.35 7.37 +0.02 1.97 0.025 vol. 0.2 N lactic nec 
10 7.36 7.33 —0.03 5.25 0 tub 
ll 7.43 7.47 7.47 | +0.04 4.18 0 
12 7.50 | 7.54 | 7.52 | +0.04 | 4.18 0 Cor 
13 7.51 7.52 +0.01 4.18 0 per. 
14 7.53 | 7.58 +0.00 | 4.18 0 M/] 
15 7.44 7.46 7.43 | +0.02 4.18 0 pla 
16 ree 7.19 +0.02 4.18 0.015 vol. 1 N lactic 
17 7.34 7.36 +0.02 6.65 0 
18 7.65 7.64 7.63 —0.01 6.65 0.04 vol. 1 Nn NaOH 
19 | 7.27 | 7.27 | 7.27 | 40.00 | 4.48 0.015 “ 1° HCl | a 
20 7.07 7.03 7.01 —0.04 4.48 Greno yeas a2 
21 7.83 | 7.82 —0.01 | 4.48 0.04 ‘“ 1 ‘* NaOH , : 
22 | 6.93 | 6.89 —0.04 | 5.82 0.025 “ 1“ HCl is 
23 7.68 7.68 +0.00 | 5.82 | 0.04 “ 1 ‘ NaOH por 
4 7.39 | 7.40 | 7.42 | +0.01 | 5.82 | 0 of § 
25 7.16 7.18 (Os +0.02 5.82 | 0.015 vol. 1 n HCl ' port 
2 | 7.46 | 7.47 | +0.01 | 5.82 | 0 pe 
Average deviation. ............. | +0.002 | in 
a | 40.022 unit 
Maximal me tices cannes Sane 
an ie —a Se eee napeceseiieaninia enerwuieraiaiacialipenciinetitiastaniantehiinstinge : —_———— 
Potentials were measured to the nearest 0.1 mv. by a type K Leeds and C 


Northrup potentiometer and a sensitive Leeds and Northrup galvanom- | Son 
eter. Usually all four cells gave similar results. If one deviated mark- | II, 
edly from the other three, it was discarded in calculating the average. § a 
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All measurements were carried out in a room at a constant temperature 
of 38°. The actual temperature at the electrode was measured and the 
necessary corrections were applied to the pH calculation. 

The platinum black electrodes were prepared with a heavy coating of 
platinum over gold over smooth platinum. It was generally necessary to 
replate after two determinations of plasma pH. 

The hydrogen electrodes were standardized at 38° with each CO,-He 
gas mixture against 0.1000 Nn hydrochloric acid, the pH of which was as- 
sumed to be 1.08.* All measurements were corrected for actual hydrogen 
pressure, as calculated from the barometric pressure, the Hz content of 
the H2-CO, mixture, and the vapor pressure of water at 38°. 


Determination of Plasma pH with Glass Electrode 


After the completion of the hydrogen electrode measurements a sam- 
ple of the plasma was withdrawn from a Clark cell directly into a Mac- 
Innes-Belcher (22) electrode, modified by Michaelis (23), which was fitted 
at the base with a stop-cock. Liquid junction to saturated KCl was es- 
tablished by immersing the end of the electrode in a beaker of KCl con- 
nected with a calomel half cell. The pH was determined with a vacuum 
tube electrometer of a type similar to that of the Cambridge Instrument 
Company. The entire operation was carried out in the 38° constant tem- 
perature room. ‘The glass electrode was standardized against two known 


u/15 phosphate solutions, one of pH above, the other below, that of the 
plasma. 


Determination of Plasma pH with Photometer 


After the measurements with the hydrogen electrodes were completed, 
42.0 ml. graduated pipette, fitted with a bent capillary at the tip for en- 
tering the Clark cells, was filled with plasma from one of the cells. Three 
portions of 0.5 ml. each were run into cuvettes containing 10 ml. portions 
of saline-dye solution, as described for the macromethod. The fourth 


| portion of 0.5 ml. of plasma was used for the plasma blank. The pH de- 


terminations, in triplicate, were made as described for the photometric 


procedure. The three values of each set usually agreed within 0.01 pH 
unit. 


RESULTS 


Comparative results by the three procedures are given in Table II. 
Some of the plasmas were mixed with acid or alkali, as indicated in Table 
II, to simulate conditions with low or high alkali reserve. In Plasmas 7, 
&, and 9 the CO, tension was lowered, to give the conditions of a respira- 
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tory alkalosis in Plasmas 7 and 8, and of a compensated low alkali reserye 
in Plasma 9. 
Both the observed maximal deviation between pH values obtained by | 
the hydrogen electrode and the photometer, respectively, and the maxi. | 
mum estimated as twice the standard deviation indicate a deviation of | 
+0.04 as the maximum. Of the twenty-six plasmas, twenty-one showed 


deviations not exceeding 0.02 pH unit. 


SUMMARY 


The effects of plasma proteins on the optical density of phenol red, ob. | 
served by Robinson and Hogden in plasma diluted with phosphate or 
veronal buffers, are found to be negligible in plasma diluted with 20 vol. 
umes of 0.9 per cent NaCl solution. 

Procedures are described for spectrophotometric measurement of plasma 
pH in samples of 1.0 to 0.2 ml. of blood or plasma. The standard devia. 
tion from pH values measured by the Clark hydrogen electrode was +0,02 
pH. 
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PHOTOMETRIC MEASUREMENT OF URINE pH 


Br DONALD D. VAN SLYKE, JAMES R. WEISIGER, AND K. KELLER 
VAN SLYKE* 


(From the Hospital of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, December 30, 1948) 


The principles of photometric pH determination have been discussed in 
the preceding paper (1). The conditions used for urine are essentially 
those devised for the visual colorimetric method of Hastings, Sendroy, and 
Robson (2), except that (1) the Duboseq type colorimeter is replaced by a 
spectrophotometer, (2) lower dye concentrations are used in the cases of 
brom-cresol purple and brom-cresol green, and (3) for buffer standards over 
the pH range from 4.9 to 5.8 acetate solutions of 0.05 m concentration are 
used, prepared from the pK’ values of MacInnes, Belcher, and Shedlovsky 
(3), instead of the 0.2 M acetate standards of Walpole (4). In comparing 
the optical densities of solutions of brom-cresol purple in phosphate and 
acetate buffers of pH 5.8, at which the useful pH ranges of acetate and 
phosphate buffers overlap, it was found that when 0.2 m acetate was used 
the density of the dye in the acetate exceeded the density in m/15 phos- 
phate by an amount corresponding to a difference of 0.04 pH. The dif- 
ference is presumably attributable to the effect on the dye of the greater 
ionic strength of the 0.2 m acetate. When acetate of 0.05 m concentra- 
tion was used, the dye in it showed the same optical density as in M/15 
phosphate of the same pH. 


Permanent Solutions 


Stock 0.6 a Na,HPO, and KHP,O,—These are prepared and kept as 
described for plasma pH determinations (1). 

Stock 0.6 mu Sodium Acetate and Acetic Acid Solutions—The concentra- 
tion of the acetic acid is checked by titration against standard NaOH 
solution. The sodium acetate solution may be prepared from NaC,H,0,-- 
3H,0 (68.03 gm. to a liter) of tested Na content, or it may be prepared by 
mixing equal volumes of 1 n NaOH and 1 N acetic acid that have been shown 
by titration against each other to be of equal normality. 

Indicator Soluttons—Solutions containing 1 mg. of dye per ml. are pre- 
pared by adding to 100 mg. of each dye the volume of 0.01 n NaOH indi- 
cated by Table I and diluting to 100 ml. From these stock solutions por- 
tions of 6 and 8 ml. respectively are diluted to 100 ml. to make solutions 
containing 60 and 80 mg. of dye per liter. 

All the permanent solutions are kept in a refrigerator when not in use. 


* Present address, Medical College Hospital, Richmond, Virginia. 
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Solutions Prepared Fresh before Using 
M/15 Phosphate Buffer Solutions—These solutions are prepared from 


the 0.5 m solutions as indicated by Table II. The proportions of NasHPO0, | 


and KH:2PO, are calculated from the pK’ values of Equation 7 of the pre. 
ceding paper (1). 

0.05 m Acetate Buffer Solutions—These are prepared as indicated by Table 
III. The acetate values given in Table III are calculated from the pk’ 


data of MacInnes, Belcher, and Shedlovsky (3). The data of these author | 


show that the relation between ionic strength, », and pK’ of acetate buffer 
solutions can be expressed by the equations, pK’ = 4.769 — 0.5774V/y at 
38° and pK’ = 4.756 — 0.5774/u at 25° 


TABLE = 











| _ 
‘| eax | ¢ Concentration | | llces doasiag 
| ° | | optical density 
at of | added indicator used | yy oe in ct on —_ 
indi- | to 100 | _______| Wave- | of 16 mm. bore ean 
cator at) pH range | mg. in lens th | | change 
Indicator 38° used for dicator lf 1 Ta so | | | | in density 
(Hast- urine | to “ded final | light | At At | caused 
ings ef make a | urine- | used t | by change 
al. (2)) Nahe it | to 10 e | | lowest | highest | of 0.01 
’ | (Clark | volumes ote | pH of | pH of in pH 
| diluted | | range | range 
r ) } cot Bee | tion | 
ai ioe det aicsmaenane LEE je eet _ : Poe tS {— art = 
| ml, Sas os we ie my "SN es D 
| | | 
Brom cresol green| 4.72 | 4.9-5.8 | 14.3 | 80 | 7.27 | 620 | 0.33 | 0.57 | 0.007 
“ “purple! 6.09 | 5.8-6.9 | 18.5 | 60 | 5.45 | 590 | 0.28 | 0.71 | 0.003 
Phenol red | 7.78 | 6.9-8.1 | 28.2 | 80 | 7.27 | 550 | 0.20 | 0.76 | 0.004 


| 


Preparation of Standard pH-Optical Density Curves 


Standard solutions are made by adding portions of 1 ml. of dye solution 


(60 or 80 mg. per liter) to 10 ml. portions of 0.05 m acetate or m/15 phos | 
phate buffer solutions. The range covered by each dye is indicated by | 
Table I. The buffer-dye solutions in test-tube cuvettes are warmed t0 | 


38° and the optical densities read as described for preparation of the opti- 
cal density curves for plasma determinations (1). 

The stabilities of the indicator solutions are checked once a month ot 
oftener by repeating the density measurements with each indicator at on 


pH; e.g., pH 5.5 for brom cresol green, pH 6.2 for brom cresol purple, pi | 
7.2 for phenol red. If the optical density shows a significant change, the 


entire curve for the indicator is redetermined. 


PROCEDURE FOR DETERMINATION OF URINE PH 


The urine is drawn and kept with precautions to prevent loss of 00 
and the pH is determined as soon as possible, preferably within 2 hour 
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Into uniform cuvettes, of the type described for macrodeterminations 
of plasma pH (1), are measured 8 ml. portions of distilled water, 2 ml. por- 
tions of urine, and 1 ml. of dye. The fluids are mixed with a footed rod, 
covered with neutral oil, and warmed to 38°, as described for plasma de- 
terminations (1). For each urine a blank is prepared by diluting 2 ml. 


TaBie ITI 
m/15 Phosphate Buffers* 


Volumes to make 10 ml, buffer solution Volumes when larger fraction is 25 ml. 





pH at 38° As E 4 eas eS i 
NasHPO, | KH2PO. NaoHPO. KH2PO, 
ml, ml, mil. ml. 
5.8 9.16 0.84 25.0 2.29 
6.0 8.70 1.29 25.0 3.71 
6.3 7.65 2.35 25.0 7.68 
6.6 6.13 3.87 25.0 15.80 
6.9 4.34 5.66 19.17 25.0 
7.2 2.71 7.29 9.29 25.0 
7.5 1.53 8.47 4.52 25.0 
7.8 0.80 9.20 2.18 25.0 
8.1 0.41 9.59 1.07 25.0 


* Stock 0.5 m NasHPO, and KH:2PO, are diluted 7.5-fold to bring the concentra- 


tion to M/15. The m/15 solutions are then at once mixed in the indicated propor- 
tions. 














TaBLe III 
0.05 m Acetate Buffer Solutions* 
| Volumes to make 10 ml. buffer Volumes to mix when larger 
pH at 38° pK’ ge solution fraction is 25 ml. 
| Na acetate Acetic acid % | Na cates | we acid 
<cacniaeiiiniarrenibenniareiect | Se eee] fo - — sinictinnannginiindinaes 
ml, ml. ml. ml, 
4.9 4.667 6.31 3.69 25.0 | 14.62 
5.2 | 4.655 7.78 2.22 25.0 7.13 
5.5 4.649 8.76 | 1.24 25.0 3.52 
5.8 | 4.645 9.35 | 0.65 25.0 1.75 





* Stock 0.5 m solutions of acetate and acetic acid are diluted 10-fold and mixed 
in the indicated proportions. 


of urine with 9 ml. of water. The optical densities are read as described 
for plasma pH (1). 

Since the pH of most urines will fall within the range of brom-cresol 
purple, a preliminary test with this dye is made. If the pH is above or 
below the range of brom cresol purple, the fact can usually be observed 
by the eye as soon as the solutions are mixed, and a fresh cuvette is pre- 
pared with phenol red or brom cresol green. 
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Calculation 
Optical density, D, is estimated as described for plasma pH (1). 


The pH of the urine diluted 5.5-fold is estimated by interpolation of 


D on one of the standard curves. From this pH 0.09 is subtracted ag a 
correction for the effect of the dilution in increasing the apparent pH of 
the urine. 

This dilution effect was noted by Hastings, Sendroy, and Robson (2) 
in determinations by visual comparison, and has been confirmed for photo- 
metric measurements by data in the present paper, in which the photo- 


TABLE IV 
Comparison of pH Measured in Undiluted Urine by Glass Electrode with pH of 5.5-Fold 
Diluted Urine Measured by Photometer 





pH of undiluted urine pH of 5.5-fold diluted Sitecenie 
Urine No. by electrode urine by photometer 

(a) (b) (b — a) 

1 6.20 6.27 0.07 

2 5.53 5.64 0.11 

3 6.32 | 6.39 0.07 

4 5.28 5.36 0.08 

5 5.08 5.12 0.04 

6 5.18 5.25 | 0.07 

7 7.04 7.14 | 0.10 

S | 5.12 5.24 | 0.12 

9 | 5.32 5.42 0.10 

10 | 5.23 5.32 0.09 

11 6.86 6.93 | 0.07 

12 6.52 6.64 | 0.12 

13 5.27 5.38 | 0.11 
DR ie Las aa Bled ania ek « dWRa wn 64d KAAS as | 0.09 


Standard deviation of difference from mean difference..... | +0.024 








metrically measured pH of dilute urine is compared with the pH of u- 
diluted urine measured by the glass electrode. 


EXPERIMENTAL 


Handling Urine—Consistent results for successive determinations were 
obtained only when the urine was kept completely protected from air. It 
was kept in closed vessels over mercury (tube H of Fig. 6, p. 54 of Peters 
and Van Slyke (6)). 

Photometric Measurements—Portions of 2 ml. of urine were forced by 
mercury pressure from the containing vessels up into 2 ml. pipettes, from 
which the urine was at once delivered into the 8 ml. portions of water plus 
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i ml. of dye previously measured into the cuvettes. The urine in each 
cuvette was at once mixed with a footed rod with the water and dye, and 
was covered with oil and warmed to 38° for photometric measurement, as 
described for plasma pH determinations (1). 

Determinations by Glass Electrode—The pH of the undiluted urines was 
measured in Michaelis’ (7) modification of the glass electrode of MacInnes 
and Belcher (8). The electrode was standardized with m/15 phosphate 
buffer solution of pH 5.80, the standardization being checked immediately 
before and after each urine determination. From the vessel in which the 
urine was kept over mercury the urine was delivered directly into the cup 
of the electrode, and enough was drawn down into the capillary to estab- 
lish liquid junction. The unused portion of urine remaining in the cup 
served to protect the urine below from loss of CO, during the measurement. 
No drift in potential was apparent during the time required to make the 
measurements. 


Results 


The results of simultaneous photometric and electrometric determina- 
tions on a series of human urines are given in Table IV. They indicate 
that, if the correction of 0.09 given under ‘Calculation’ is applied, the 
photometric values thus corrected will usually be within +0.05 pH unit 
of the electrometric values. 


SUMMARY 


A procedure is described for photometric measurement of the pH of 
urine. The standard deviation from pH values determined with the glass 
electrode was +0.024 pH unit. 
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PREPARATION OF RIBONUCLEOSIDES FROM SMALL 
AMOUNTS OF RIBONUCLEIC ACID 


By PETER REICHARD 


(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 


(Received for publication, November 20, 1948) 


The preparation of the various nitrogen-containing substances from ri- 
bonucleic acid (PNA) by the usual chemical methods is feasible only if con- 
siderable amounts of the nucleic acid are available. This is especially true 
for the pyrimidine nitrogen from cytosine and uracil. During tracer work 
with N* on the nucleic acid turnover of liver nuclei and bacteria in this 
laboratory, it became desirable to isolate the different bases free from each 
other and from foreign nitrogen in amounts of a few mg. Partition chro- 
matography on starch, as introduced by Elsden and Synge (1), was thought 
to give a convenient solution to our problem, especially since Vischer and 
Chargaff (2) had shown that the purine bases adenine and guanine can be 
separated on a paper chromatogram. In a recent publication (3) Hotch- 
kiss has applied partition chromatography on paper to several nitrogen- 
containing compounds derived from nucleic acid. A method for the 
preparation and separation of the purine bases from PNA and desoxyribo- 
nucleic acid (DNA), which involves chromatography on a starch column, 
has been described by Edman, Hammarsten, Léw, and Reichard (4). 
The separation of the nucleosides from PNA on a starch column has been 
described in a preliminary report by the author (5). 

The separation of the ribonucleosides was carried out because it was 
thought that their preparation in reasonable yield without conversion of 
cytosine to uracil would be easier than the preparation of the free pyrimi- 
dine bases. For the preparation of the ribonucleosides several different 
methods are available. The oldest one of Levene and Jacobs (6), which 
employs hydrolysis of the nucleic acid with dilute ammonia at high temper- 
ature, was not considered suitable because of the possible exchange of amino 
groups with ammonia. Levene (7) has also employed acid hydrolysis with 
10 per cent sulfuric acid at 125° for the preparation of cytidine from cyti- 
dylic acid. He states that no conversion to uridine takes place. In ex- 
periments with small amounts of cytidylic acid it was found, however, that 
with different acid concentration and temperature a considerable amount 
of uridine was always formed. More recently Bredereck (8) has described 
amethod for preparing the nucleosides by refluxing PNA for 4 days with 
a mixture of equal amounts of pyridine and water. By modifying his 
method so as to involve a 12 hour hydrolysis in a sealed tube at 115°, it 
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was possible to avoid the formation of uridine from pure cytidylic acid 


On the other hand the yield of the pyrimidine nucleosides, especially uy. | 
dine, waslow. By usinghigher temperature and a longer time for hydroly. | 
sis, practically all the cytidylic acid was converted to uridine. This | 


method has been used in tracer experiments on normal and regenerating rat 
liver (9). 

The best results were obtained by enzymatic hydrolysis of the ribonv. 
cleotides. Phosphatases which split off the phosphoric acid from nucleo. 
tides have been reported from different sources. Bredereck (10) uses an 


extract from emulsin for preparing the four ribonucleosides on a large scale, | 


Hartmann and Bosshard (11) employ an enzyme preparation from pota- 
toes for the preparation of adenosine. Both these crude enzymes and 
alsoalkaline phosphatase from calf intestine, prepared according to Schmidt 
and Thannhauser (12), have been tried and found to contain considerable 
desaminase activity. The acid prostate phosphatase of Schmidt, Cubiles, 
and Thannhauser (13), however, turned out to be satisfactory for the hydrol- 
ysis of ribomononucleotides to nucleosides. It could be shown (a) that the 
enzyme from prostate dephosphorylates mononucleotides at a very low 


concentration of nitrogen in the extract so that the addition of foreign ni- | 
trogen to the mononucleotides was negligible, (b) that the extract did not | 


contain any desaminase activity, and (c) that the nucleoside-splitting ac- 


tivity of the extract wasvery low. Furthermore a method has been worked | 


out for preparing a mixture of the four ribomononucleotides free from salts 
and foreign nitrogen after the separation of PNA and DNA according to 
Hammarsten (14). 


EXPERIMENTAL 


Enzyme Extract—An extract from enucleated hypertrophic human pros- 
tate was prepared according to Schmidt, Cubiles, and Thannhauser (13) by 
mixing the freshly enucleated prostate with 5 parts of a mixture of water 
and crushed ice in the Waring blendor. The mixture was allowed to stand 


in the ice box for about half an hour and then filtered by suction with the | 


aid of Hyflo Super-Cel. The slightly turbid filtrate was used immediately, 


as the enzyme activity decreased rather rapidly, even when the extract | 
was kept at —15°. The activity of various extracts was satisfactory. No | 


attempt was made to purify the enzyme. 
pH Optimum—To different samples of 38 mg. of pure adenylic acid i 


10 ml. of water were added different amounts of 0.2 N sodium hydroxide, | 


so that the pH ranged from 3.5 to 6.0. 1 ml. of the enzyme extract, di 
luted 1:500, was added to each sample and the amount of free phos 
phate determined after 12 hours digestion at 37° (Fig. 1). The value 43 
found as pH optimum differs from that of 5.3 found by Schmidt, Cubiles 
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and Thannhauser. The discrepancy might be explained by the fact that 
the solutions were not buffered in the present experiments, as salts would 
interfere later on with the chromatography. 

Enzyme Concentration—The extract from the gland had a nitrogen con- 
tent of less than 1 mg. perml. It was generally used ina dilution of 1: 100. 
In this case less than 0.01 mg. of foreign nitrogen was added to a solution 
containing from 10 to 50 mg. of nucleotides. The amount of enzyme re- 
quired for satisfactory hydrolysis was higher for the pyrimidine nucleo- 
tides than for the purine nucleotides (Fig. 2). 

Digestion of Single Ribomononucleotide and Chromatography of Product— 
The following experiments were carried out in order to investigate the possi- 
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Fic. 1. pH optimum for prostate phosphatase. 38 mg. of adenylic acid per 10 
ml. of water titrated to a different pH with 0.2 N NaOH. 1 ml. of prostate extract, 
diluted 1:500, is added. 

Fie. 2. Curve I, digestion of adenylic acid (10 mg. per 10 ml., pH 4.1) with 1 ml. 
of prostate extract, diluted 1:500; Curve II, digestion of cytidylic acid (10 mg. per 10 
ml., pH 4.2) with a ml. of prostate extract, diluted 1:500; Curve III, same as Curve 
II, enzyme dilution 1:100. 


ble desaminating and nucleoside-splitting activity of the enzyme extract. 
About 10 mg. of the four pure ribomononucleotides were separately dissolved 
in 10 ml. of water. The solutions were neutralized with sodium hydroxide 
toa pH between 4 and 4.5. To each of the four solutions was added 1 
ml. of the freshly prepared enzyme solution in a dilution of 1:100. The 
tests were incubated for 24 hours at 37°. The solutions were then evap- 
orated to dryness on a steam bath. The residues were extracted suc- 
cessively with 2 ml. and 2 X 1 ml. of hot water-saturated butanol. The 
combined extracts from each residue were added to the top of four starch 
columns with a length of 220 mm. and an inner diameter of 23mm. The 
chromatogram was developed and the effluents analyzed as described in a 
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previous paper (5). The results of the four different digestions and chro. wit 
matograms are seen in Figs. 3 to 6. The light absorption at 2620 A in the | 


‘ ; nut 
effluent was measured in the Beckman photometer on 1 hour fractions and 
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Fic. 3. Chromatography after digestion of 7.6 mg. of adenylic acid with prostate 
enzyme dilution 1:100. Yield of adenosine, 4.5 mg. (78 per cent). ons 
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Fic. 4. Chromatography after digestion of 6.5 mg. of cytidylic acid with prostate | 
enzyme diluted 1:100. Yield of cytidine, 3.5 mg. (yield 74 per cent). é 
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plotted against the volume of the effluent. It can be seen that, with the th 
exception of adenylic acid, only one light-absorbing compound was obtained 
from each mononucleotide. The R values (15) for the different compounds, 
including the main compound in the case of adenylic acid, agree well 
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hro- within satisfactory limits, with those obtained from the pure corresponding 


the | nucleosides. Their identity was established in the following way. The 
and | light-absorbing fractions in each run (this means for adenylic acid only 
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‘ostate Fie. 5. Chromatography after digestion of 9.0 mg. of guanylic acid with prostate 
enzyme, diluted 1:100. Yield of guanosine, 4.9 mg. (yield 70 per cent). 
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Fic. 6. Chromatography after digestion of 6.5 mg. of uridylic acid with prostate 
| enzyme, diluted 1:100. Yield of uridine, 4.4 mg. (yield 89 per cent). 
ith the 


ned the light absorption corresponding to the second peak) were combined and 
otain th ; 
aie e butanol evaporated in vacuo. The residues were dissolved in 10 ml. 
on of 0.1 nw HCl, and after proper dilution the light absorption measured be- 
’ | tween 2400 and 3100 A. The ratio E,,,,,/ y N per ml. was determined 
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for each compound by analyzing an aliquot of the HCI solution for nitro. 
gen. In this way it could be established that the corresponding nucleo. 
sides were formed from the four different mononucleotides (Table I) and 
that no desamination takes place. 

In the case of adenylic acid one small extra peak appeared which mi. 
grated before the adenosine. In order to obtain larger amounts of this com. 
pound 10 mg. of adenylic acid were digested in the same way as above with 
the lower enzyme dilution of 1:25. The chromatogram showed the same 
principal features as in Fig. 3, but the first peak had now the same alti- 
tude as that of adenosine. The light absorption curve in 0.1 N HCl and 
the value E,,,x./y N per ml. for the first peak showed good agreement with 
corresponding values for adenine (Table I). The definite proof that this 


TaBLe I 


Characteristic Values for Compounds Obtained after Digestion of Pure 
Mononucleotides, and Chromatography of Digestion Mixture As 
Compared with Standard Substances 























R value | — Enso ‘ie Gia 
1st compound from adenylic acid...... | 2 | 1.39 3.90 0.184 
Standard adenine.....................| 1.25 | 1.88 | 4.15 0.180 
2nd compound from adenylic acid...... 0.75 | 1.23 0.66 | 0.205 
Standard adenosine....................| 0.80 | 1.25 | 0.69 | 0.196 
Compound from cytidylic acid.........| 0.21 | 3.72 | 1.58 | 0.290 
Standard cytidine.................... 0.21 3.55 1.61 | | 0.205 
Compound from guanylic acid........ 0.29 1.09 | 0.71 0.170 
Standard guanosine................... 0.28 1.07 | | 0.73 0.164 
Compound from uridylic acid...... .| 0.48 1.53 | 0.34 | 0.345 

1.50 


Ug: Og 0.52 


0.36 0.332 











compound really was adenine was established by running a mixture of 
adenine and adenosine on an identical starch column (Fig. 7). 

It may be that guanine too is formed during the digestion of guanylic 
acid, though because of its low solubility in butanol it would not interfere 
with the chromatogram. This might explain the relatively low yield of 
guanosine. 

Preparation of Mixed Ribomononucleotides—The starting material wass 


PNA hydrolysate containing the different ribomononucleotides which was | 


obtained by the preparation and separation of polynucleotides according 
to Hammarsten (14). The separation of the mixed polynucleotides with 
this method is carried out by hydrolysis of PNA with 0.1 nN sodium hydrox- 
ide and precipitation of DNA with lanthanum nitrate and malonic acid, 
When the mixed ribonucleotides are to be isolated, hydrochloric acid i 
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substituted for malonic acid in order to reach the pH range 2 to 2.5. In 
this case caution must be exercised to add enough HCl, because at a pH 
above 3 the ribomononucleotides start precipitating together with the 
DNA. 

After the precipitation of DNA, the solution contains the ribomononucleo- 
tides and rather large amounts of salts and varying small amounts of de- 
natured proteins and hydrolysis products from proteins. The purpose of 
the following procedure is to remove these contaminants as completely as 
possible before the digestion with the phosphatase and chromatography. 

The mononucleotides were precipitated by adding to the hydrolysate 
0.2 volume of a saturated solution of mercuric nitrate in water. The mo- 
nonucleotides were allowed to precipitate for 24 hours at +2°. The pre- 
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0 100 200ml effluent 
Fic. 7. Chromatography of 2.4 mg. of pure adenine and 3.6 mg. of pure adenosine 








cipitate was centrifuged and washed three times with 10 ml. of water. 
After the last washing, the precipitate was suspended in 20 to 30 ml. of 


) water and decomposed with hydrogen sulfide. The excess hydrogen sul- 


fide was boiled out over a free flame and the hot solution centrifuged. The 
mercuric sulfide was washed twice with 10 ml. of boiling water and the 
washings added to the main solution. The combined solutions were evapo- 
rated on a steam bath to about 15 ml. There is now usually a more or less 


_ notable opalescence, owing to the presence of traces of lanthanum com- 


pounds. 

The solution of the mononucleotides was electrodialyzed according to 
Theorell and Akesson (16). In this way the last traces of lanthanum, 
which interfere with the digestion, were removed. If any amino acids 
were left, only the acid ones would move to the anode compartment to- 
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gether with the mononucleotides. The acid amino acids have very loy 
R values in butanol-water and because of this would be removed during the 
chromatography. The mononucleotides moved quantitatively into the | 
anode compartment, as indicated by model experiments with pure gub. 

stances. If the mononucleotides are obtained from a hydrolysate of PNA | 
as outlined above, however, then at the end of the dialysis some light-ab. | 
sorbing material also appears in the cathode compartment, though it / 
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Fic. 8. Chromatography in model experiment with all four ribomononucleotides, 
The effluent corresponding to the peak before the adenine was slightly yellowish; 
its light absorption was not of the pyrimidine type. 


Tas.e II 
Model Experiment on Mizture of Four Ribomononucleotides 




















- 
Nucleotide rm | Ennax. 
Acid in startl Yield of Yield — - 
| MABtedae | muceodde | Yi | Np 
| mg. | , ae). | oe cent | ( 
Meats ai. seer Al... | 10.1 5.2 | 66 | 0.205 
CN a v8 2 see sie re riti cies d- 6.9 2.9 | 56 0.308 | 
0 ee ee 6.6 3.9 79 0.331 
RAR SIRE eter, Seperate 9.5 3.5 | 47 0.174 


scarcely exceeds 5 to 10 per cent of the total light absorption. The cathode | 
solution could be precipitated by silver nitrate at pH 2 (17), indicating 
that the light absorption is caused by the presence of free purine base 
which have been split off during the preparation. 

After the end of the electrodialysis, the solution from the anode com: 
partment containing the ribomononucleotides was neutralized with 0.4% 
sodium hydroxide to pH 4 to 4.5 and subjected to digestion. 
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Model Experiment on Mixture of Four Ribomononucleotides—In order to 
determine the over-all yield of the whole procedure, about 10 mg. each of 
pure mononucleotides were dissolved in 10 ml. of NaOH, lanthanum and 
HCl were added after 2 hours on a steam bath, and the whole method of 
preparation as described above was carried out. The result of the chro- 
matography after digestion can be seen in Fig. 8 and Table II. 


SUMMARY 


A phosphatase-containing extract from prostate was investigated with 
respect to the splitting of ribomononucleotides to the corresponding nucleo- 
sides. Good yield of nucleosides was obtained and little or no deamina- 
tion took place. 

The extract was used for obtaining nucleosides from PNA, separation 
being achieved chromatographically. 
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ON THE NITROGEN TURNOVER IN PURINES 
FROM POLYNUCLEOTIDES DETERMINED 
WITH GLYCINE N* 


By PETER REICHARD 


(From the Biochemical Department, Karolinska Institutet, Stockholm, Sweden) 
(Received for publication, January 8, 1949) 


The work of Brown ef al. (1) with N™-containing purines has shown 
that, of the naturally occurring purines, only adenine can be utilized di- 
rectly for the synthesis of polynucleotides. When isotopic adenine was fed 
to the rat, part of it was recovered in rather low dilution in the adenine 
and in a somewhat higher dilution in the guanine of the polynucleotides 
from the mixed internal organs. By separating ribonucleic acid (PNA) 
from desoxyribonucleic acid (DNA), Brown, Petermann, and Furst (2) 
showed that the adenine had almost entirely entered the PNA fraction. 
Though these experiments prove that adenine administered in the food 
can act as a precursor not only of PNA adenine but also of PNA guanine, 
it does not follow that PNA guanine is formed ordinarily from adenine. 
Barnes and Schoenheimer (3), in their experiments with N°-containing am- 
monium citrate, found in the pigeon a higher content of isotope in guanine 
than in adenine. They were, however, able to show that this was due to 
a higher N' content in the amino group of guanine than in that of adenine. 
In experiments carried out in this laboratory (4) with N™-glycine as a pre- 
cursor for nucleic acid purines and pyrimidines in the hepatectomized and 
normal rat, it was found that the guanine in both the PNA and DNA frac- 
tions had about twice the isotope content of adenine. This finding makes 
it somewhat improbable that guanine could have been synthesized by way 
of adenine. The present investigation was carried out in order to settle 
this question. The experiments were performed with cytoplasm from re- 
_ generating liver and intestine from normal rat which had been left over 
_ from a previous experiment (4). The aminopurines were isolated from the 
PNA of cytoplasm and the PNA and DNA from intestine. Part of them 
was analyzed for N* and the rest subjected to degradation to the corre- 
sponding hydroxypurines and these, too, were analyzed for their isotope 
content. A new method for the preparation of xanthine and hypoxan- 
| thine from the aminopurines with chromatography on a starch column was 
developed for that purpose. With this method as little as 2 mg. of amino- 
purine can be degraded to the corresponding hydroxypurine. The results 
of the isotope analyses for the different purines are summarized in Tables I 
and IT. 
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774 NITROGEN TURNOVER IN PURINES 


The figures demonstrate that the isotope content is always higher jp 
guanine than in adenine. The amino group of adenine always has a low 
isotope content, as indicated by the higher value of hypoxanthine compared 
with the corresponding adenine. The amino group of guanine in the PNA 
fractions has a relatively high isotope content, while in the DNA from jp. 
testine this is low. It can be seen that a reversal takes place for the two 


TaBLeE I 
Aminopurines and Corresponding Hydroxypurines from Intestine of Rat 
The ratio Emax./y N per ml., which is a measure of purity with respect to foreign 
nitrogen, is for the pure compounds, adenine 0.180, hypoxanthine 0.197, guanine 
0.161, and xanthine 0.170. 
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| PNA DNA 
| oa | | a 
Excess N18 GN per mil | Excess N15 | > Were’ 
atom per cent | atom per cent d ‘ 
ERS Ri leer meee 0.46 | 0.171 | 0.27 0.169 
SND 56 PE DEG ES A ese, 0.54 0.191 0.33 | 0.192 
NH: group (calculated)................ 0.12 + “O36 = tex 
RI a ode Wh cis eka pns a cen able GN wie 0.51 | 0.165 | 0.48 0.161 
OR Oe re ee eet 0.43 0.165 | 0.59 0.169 
NHz group (calculated)............... 0.83 | | 0.04 | 





TABLE II 


Aminopurines and Corresponding Hydrorypurines from Regenerating Liver 
Cytoplasm of Rat 














| Excess Ni# | Emax./y N per ml. 
| atom per cent 
| eae ee A satan gears ettorerae Ainewran eter 0.43 0.178 
nena 2. fo. 2HS NEO. SE. AN | 0.51 0.190 
NHg group (calculated)..................... | 0.11 
RS cree) chigirl «ledebns dbee Jeriews ae €h 0.97 0.158 
I ee Oe a 0.97 0.167 
NH; group (calculated).................... | 0.97 | 





purines from the PNA of intestine after deamination; though guanine ba 


a higher isotope content than adenine, the guanine nucleus, as indicated by 
the results for xanthine, has a lower isotope content than the adenine nl: 
cleus, as indicated by the data for hypoxanthine. This is, however, 00 
the case for PNA purines from regenerating liver cytoplasm or for DNA 
purines from intestine. 
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EXPERIMENTAL 


Administration of N*-Glycine—Organs from a previous experiment (4) 
wereused. The rats had been given two subcutaneous injections of 50 mg. 
of glycine per 100 gm. of body weight with an interval of 6 hours between 
doses. The glycine contained 32 atom per cent excess of N*®. 6 hours 
after the last injection the rats were killed and the various organs were im- 
mediately put into a large excess of absolute alcohol. They were homo- 
genized with alcohol in the Waring blendor, filtered, and dried with alcohol 
and ether. The hepatectomized rats received the same treatment starting 
16 hours after the operation. In this case the livers were put into cold 
citric acid, and cell nuclei and cytoplasm were separated immediately after 
death 28 hours from the time of operation. The details are described in a 
previous publication (4). 

Isolation of Adenine and Guanine—The procedure was mainly that of Ed- 
man, Hammarsten, Low, and Reichard (5), though with some modifica- 
tion. The purines were obtained, after separation by the method of Ham- 
marsten (6) of the PNA and DNA, by hydrolysis with n sulfuric acid for 1 
hour at 100°. The excess sulfate was precipitated by adding freshly pre- 
pared hot solution of barium hydroxide, saturated at boiling temperature 
to pH 2. The precipitate of barium sulfate was centrifuged immediately 
and extracted twice with 5 ml. of hot water. The combined supernatants 
were precipitated with 0.2 volume of a 1 M solution of silver nitrate, as 
described by Kerr and Seraidarian (7). The precipitate of the silver pu- 
rines was centrifuged, washed twice with 10 ml. of 0.05 m silver nitrate, 
twice with alcohol, and once with ether. The dry silver purines were de- 
composed with 5 ml. + 3 ml. + 3 ml. of 0.5 n HCl, according to the 
method of Kerr and Seraidarian (7). The HCl solution was evaporated 
to dryness in vacuo and the rest of the HCl carefully removed by re- 
peated evaporation. 

The residue was dissolved by warming in 1.0 ml. of water containing 0.1 
m.eq. of sodium hydroxide. To the hot water solution, 10 ml. of dry bu- 
tanol were added and the aqueous solution of the purines dissolved in the 
butanol by warming and gentle shaking. The butanol-water solution was 
added to the top of a starch column and the chromatogram was run and 
analyzed as previously described (5), the only difference being that the sol- 
vent used for developing the chromatogram was butanol-water (135 ml. 
of water + 865 ml. of butanol) and did not contain any glycol methyl 
ether. 

Deamination of Adenine or Guanine to Corresponding Hydroxypurines— 
The method is a modification of the first steps of those of Strecker (8) and 
Kossel (9) to suit the degradation of small amounts of aminopurines. The 
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aminopurine (2 to 8 mg.) was obtained in dry form after chromatography 


by evaporating in vacuo the butanol of the combined fractions containing | 
the same purine base. It was transferred to a 40 ml. centrifuge tube with | 


about 2.5 ml. of N H,SO,. About 0.5 ml. of this solution was set aside fo, 
establishing the presence or absence of foreign nitrogen by the ratio 
Emax./ N per ml. (5) after proper dilution with N HCl and for isotope 
analysis. The volume of the rest of the solution was reduced to one-fourth, 





| 


| 


so that the sulfuric acid became 4 nx. To this solution the necessary | 


amount of sodium nitrite (8 mg. of nitrite per 1 mg. of aminopurine) was 
added, dissolved in 0.2 ml. of water. This was carried out slowly over g 
period of 10 minutes with continuous stirring. During this time the cen. 
trifuge tube containing the solution was placed in a boiling water bath and 
allowed to stand there for another 5 minutes after the last addition of the 
nitrite. Since the solution becomes more concentrated by evaporation 
during the whole procedure, 1 drop of water should be added now and then 
in order to keep the volume constant. The solution was then diluted with 
15 to 20 ml. of water and precipitated hot with barium hydroxide to pH 


2. The further procedure was the same as that described for the prepa- | 


ration of adenine and guanine; 7.e., precipitation of the supernatant with 
silver, washing of the precipitate, decomposition with HCl, and evapora. 
tion of the acid. It was found adequate to reprecipitate the hydroxypv- 
rine once with silver nitrate. This was done in the usual way after dissoly- 
ing the residue after the careful removal of the HCl in about 10 ml. of 


0.01 n sulfuric acid. The free hydroxypurines were prepared from the | 


silver purines as described above. 
The hydroxypurines prepared in this way usually contain very little, if 


any, aminopurines. The highest contamination found was about 10 per | 


cent. In order to remove the aminopurines, and as a further step of pu- 
rification, the hydroxypurines were subjected to chromatography on a 
starch column. 


Chromatographic Model Experiment with Adenine and Hypoxanthine— | 


About 2 mg. of each of the purines were dissolved in butanol-water with 
the aid of NaOH in the same way as described for the adenine-guanine 
chromatography. They were put onto a starch column (length 100 mm., 
diameter 36 mm.), the chromatogram was run, and the purines localized in 
the effluent by measuring their light absorption in the ultraviolet (Fig. }). 
Fractions containing the same purine were combined, the butanol evapor 
ated in vacuo, and the residue dissolved in 10 ml. of N HCl. By taking aa 
aliquot of the solution for nitrogen determination and determining the light 
absorption after proper dilution with n HCl, the ratio Emax./ y N perm 
was determined for each purine and compared with the same ratio for the 
pure purine. This ratio was, for pure hypoxanthine, 0.197 (Zmsx. % 
2480 A) and for adenine, 0.180 (Emax. at 2620 A). 
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Chromatographic Model Experiment with Guanine and Xanthine—Fig. 2 
shows a chromatogram for these two bases run under about the same con- 
ditions as described above for adenine and hypoxanthine. The length of 
column in this experiment was 122 mm., however. Another difference 
is that in chromatographing solutions containing xanthine, as little alkali 
as possible should be used to dissolve the purines in butanol-water. If ex- 
cess alkali is used, the resolving power of the column declines and, further- 
more, the yield of xanthine drops. In the experiment of Fig. 2, 0.03 m.eq. 
of NaOH was used for a total of 4 mg. of the bases. 








E5620 
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Fig. 1. Separation of 1.8 mg. of pure adenine and 2.4 mg. of pure hypoxanthine 
on a starch column. Length of the column, 97 mm., inner diameter 36 mm. 
Fractions (about 15 ml.) were collected for each 4 hour. The R values, according to 
Martin and Synge (10), were adenine 0.94 and hypoxanthine 0.49. Yield of adenine 
% per cent, of hypoxanthine 87 per cent. 


As can be seen from Fig. 2, 2 complete separation of xanthine from gua- 
nine has not been achieved in this experiment. The separation would, 
however, have been practically complete if the amount of guanine had been 
small as compared with that of xanthine, as is the case of a degradation 
experiment. Complete separation can also be achieved with larger amounts 
of guanine if a longer column is used for the chromatogram. However, 
this does not usually improve the total yield of pure xanthine. The rea- 
son is that part of the xanthine is lost during the chromatography by stick- 
ing in the column. These losses, which for a column of 120 mm. are not 
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more than at the most 20 per cent, increase rather rapidly with the length 
of the column. 

If part of the guanine appears in the same fractions as part of the xap. 
thine, these mixed fractions can easily be distinguished by determining the 
ratio of the light absorption at 2620 and 2480 A for every fraction. This 
is indicated by the dash line in Fig. 2. At first, when only xanthine is emerg. 
ing from the column, the ratio is constant and lies at about 2.20. In the 
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Fig. 2. Separation of 2.3 mg. of pure xanthine and 1.7 mg. of pure guanine ona 
starch column. Length of the column, 122 mm., inner diameter 36 mm. The half 
hourly fractions were collected. R values (10), xanthine 0.58, guanine 0.43. The 
dash line gives the ratio Eo220/Ees0 and indicates where the xanthine starts to 


become contaminated with guanine. Yield of pure xanthine 78 per cent, pure gua | 


nine 73 per cent. 


mixed fractions the ratio rapidly declines, the more the xanthine is contam- 
inated with guanine, and finally reaches a constant value of about 0.75 when 
the fractions consist of pure guanine. A good yield of the bases is still ob- 
tained even when the mixed fractions are discarded. Their purity with 
respect to foreign nitrogen is established in the usual way. ‘The ratio 
Emax./y N per ml. is, for guanine, 0.161 (Emax. at 2480 A), and for xan- 
thine 0.170 (Emax. at 2600 A). 
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tography of the hydroxypurines was established with pure adenine and gua- 
nine. For both cases it was found to be 60 to 70 per cent when starting 
with 2 to 8 mg. of aminopurine. 


DISCUSSION 

Glycine has been shown by Abrams, Hammarsten, and Shemin (11) to 
act as a precursor for the nitrogen in the 7 position of nucleic acid pu- 
rines. According to the views expressed by Brown et al. (1) adenine would 
be synthesized before guanine, which would subsequently be synthesized 
from the adenine nucleus. That this can be the case has been shown by 
Brown’s feeding experiments with isotopic adenine. If this theory cor- 
responds to a general pathway for the synthesis of nucleic acid purines, 
one would expect it to hold true irrespective of the nature of the isotopic 
precursor for the purines. One would expect furthermore that the isotope 
content of adenine would not be lower than that of guanine. This was 
also the case in Brown’s experiments. The experiments of Hammarsten 
and coworkers (4) on normal and regenerating liver show, however, that 
in both PNA and DNA the isotope content of guanine is much higher than 
that of adenine. These findings could be brought into line with Brown's 
theory if it is assumed that the amino group in guanine has a much higher 
N¥ content than the rest of the molecule. At this stage no definite answer 
could be given to that question as no method for degradation of small 
amounts of aminopurines was available to us. 

The present experiments show that in regenerating liver cytoplasm the 
main pathway for the synthesis of PNA guanine, with glycine as a pre- 


' cursor, does not proceed via adenine. In accordance with the finding of 
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Barnes and Schoenheimer (3), who used ammonia as a precursor, it was 
found that the amino group of guanine has a higher turnover rate than that 
of adenine. Its isotope content, however, is not high enough to suggest 
that the remaining guanine residue could have been formed from adenine. 

The findings with respect to the PNA from intestine would agree rather 
well with Brown’s theory. There, the difference between the isotope con- 
tent of guanine and adenine is much smaller and after deamination the 
relations are inversed, so that the isotope content in hypoxanthine is higher 
than that of xanthine. 

The DNA purines from normal intestine differ from the PNA purines 
from the same organ in that the amino groups of both adenine and gua- 
nine have a relatively low isotope content. As the guanine has a much 
higher isotope content than the adenine, this proves that in this case the 
synthesis of guanine has not proceeded via adenine. A difference between 


| PNA purines and DNA purines has been noted earlier by Brown et al. (2). 
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In feeding experiments on rats with N™-adenine, the adenine from the PNA | 


of the mixed internal organs contained about 30 times as much isotope as 
the adenine from the corresponding DNA. The authors thought the reg. 
son for this to be a much lower turnover of the purines in DNA as compared 
with the purines from PNA. Furthermore, it was assumed that the dif. 
ference in the turnover ratio DNA to PNA between adenine and phosphorus 
(12) might indicate that ‘“‘some portion of the phosphate moieties of a ny- 
cleic acid may be exchanged without the purines of the C—N skeleton be. 
ing affected.’”’ In the present investigation the values for the turnover 
rates of the purines match fairly well with those obtained by Hammarsten 
and Hevesy (12) for phosphorus. In their experiment on intestine of the 
rat the turnover ratio DNA to PNA for phosphorus was 1.7 as compared 
with the value 1.7 for adenine and 1.1 for guanine in the present investi- 
gation. Because of this, the finding of Brown et al. is explained better per- 
haps on the hypothesis that adenine cannot be utilized for the synthesis 
of purines in DNA. 

The results obtained in the present investigation clearly indicate the 
necessity for separating the polynucleotides into DNA and PNA in isotope 
experiments. Furthermore, they show that there might be a difference 
in the purine turnover in different organs. 


SUMMARY 


A method for obtaining the corresponding hydroxypurines from small 
amounts (2 to 8 mg.) of adenine and guanine has been developed. 

Intestine and regenerating liver cytoplasm from a previous experiment 
(4) in which N-glycine had been injected into rats has been worked up for 
aminopurines of PNA and DNA. These were degraded to the correspon¢- 
ing hydroxypurines. 

Evidence has been obtained that the main part of guanine in PNA from 
regenerating liver cytoplasm and from DNA in intestine is not synthesized 
via adenine. In the case of PNA from intestine this possibility could not 
be excluded. 
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THE USE OF ISOTOPIC CARBON IN A STUDY OF THE 
METABOLSIM OF ANTHRANILIC ACID IN NEUROSPORA* 


By JOSEPH F. NYC ann HERSCHEL K. MITCHELL 


(From the Kerckhoff Laboratories of Biology, California Institute of Technology, 
Pasadena) 


anp EDGAR LEIFER anp WRIGHT H. LANGHAM 


(From the Los Alamos Scientific Laboratory of the University of California, Los Alamos, 
New Mexico) 


(Received for publication, January 31, 1949) 


The finding by Tatum, Bonner, and Beadle (1), that the tryptophanless 
Neurospora mutant strain 10575 accumulates anthranilic acid, which in 
turn can be utilized for growth of strain 40008, has provided evidence 
that anthranilic acid is a biochemical precursor of tryptophan in this 
organism. It has been further established that indole is an intermediate 
' in this conversion (2-5). 

More recent work with a number of mutants of Neurospora (6-8) has 
established that tryptophan is a biochemical precursor to niacin with 
kynurenine and hydroxyanthranilic acid as intermediates. The accumu- 
lated evidence has indicated the existence in the mold of the following 
series of reactions: 
~ Anthranilic acid — indole — tryptophan — kynurenine — 3-hydroxy- 

anthranilic acid — nicotinic acid 
In the light of this evidence the present work was undertaken to trace the 
| carbon in the carboxyl group of anthranilic acid in order to estimate its 
contribution as a structural unit in the formation of niacin and tryptophan. 
The organism chosen for this investigation was a biochemical mutant 
strain of Neurospora designated as strain 40008. This mutant utilizes 
anthranilic acid, indole, or tryptophan for growth. 

The mutant was grown in the presence of anthranilic acid containing 
C* in the carboxyl group. Niacin and tryptophan were isolated from the 
mold mycelium and tested for radioactivity. 


EXPERIMENTAL 


Growth of Mold—Neurospora mutant 40008 was grown under forced 
aeration for 6 days at room temperature in 10 liters of minimal medium 


* These investigations were supported in part by the Williams-Waterman Fund 
for the Combat of Dietary Diseases and the Rockefeller Foundation. They were 
also carried out as a part of the work done under contract No. N-6-onr-244, Task 
Order 5, United States Navy Department, and contract No. W-7405-eng-36 for the 
Atomic Energy Commission. 
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(9) to which a supplement of 16.7 mg. of active anthranilic acid was added. 





A trap containing 40 per cent NaOH was connected to the system to gb. | 


sorb any carbon dioxide evolved during growth of the mold. At the end 
of the growth period the mold was filtered off, and the moist myceliym 
was continuously extracted with 300 ml. of acetone for 20 hours. The 
dried residual mycelium weighed 3.7 gm. 

Isolation of Niacin—The acetone extract of the mycelium was taken to 
dryness, redissolved in 50 ml. of water, and filtered. It contained 700 y of 
nicotinic acid or its amide.! After removing a 4 per cent aliquot for fyr. 
ther study, 4 gm. of anhydrous barium hydroxide were added to the main 
portion of the extract, and it was heated at 90° for 40 minutes, titrated to 
pH 6.5 with 2 n H.SO,, and filtered. The filtrate was taken to pH 42 


with concentrated HCl and shaken with 1 gm. of norit A. This yas | 


filtered off and washed well with water. 

The charcoal was eluted with two 50 ml. portions of hot 4 per cent 
aniline in water. The combined eluates were extracted with ether to 
remove the aniline and taken to dryness. The residue was taken up in 
13.5 ml. of hot absolute alcohol and filtered. After readjusting the volume 
of the filtrate to 13.5 ml., a 1.5 ml. portion was taken for bioassay and 
investigation with paper chromatography. The total filtrate contained, 
according to bioassay, 300 y of nicotinic acid. This material was estab- 
lished as nicotinic acid by comparing its movement on an ascending 
paper chromatogram with that of an authentic sample of nicotinic acid. 
Butanol saturated with water was the solvent used for developing the 
chromatograms. 

40 mg. of nicotinic acid were added to 12 ml. of the original 13.5 ml. 
of filtrate containing the isolated nicotinic acid. The nicotinic acid which 
precipitated from a concentrated aqueous solution was recrystallized from 
a 1:4 mixture of acetic acid and benzene. The isolated nicotinic acid 
melted at 229-232° and gave the same ultraviolet absorption spectrum 
as an authentic sample of the same acid. 

Isolation of Tryptophan—10 mg. of pepsin (1:10,000 potency) were 
added to the 3.7 gm. of ground dry mycelium suspended in 50 ml. of 0.1 
nN H:SO,. The mixture was covered with toluene and incubated 21 hours 
at 37°. At the end of the first digestion 3 gm. of K,HPO,-12H,0 were 
added and the pH was adjusted to 8.4. The mixture was incubated at 


40° for 72 hours in the presence of 50 mg. of trypsin (1:300 potency). | 


The undigested suspended material was filtered off and washed with water. 
The combined filtrate and washings, diluted to 100 ml. with water, col 


tained 13.2 mg. of tryptophan. The identity of this tryptophan was | 


1 Lactobacillus arabinosus strain 17-5 was used to determine nicotinic acid and 
tryptophan. 
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confirmed by comparing its position on an ascending paper chromatogram 
with that of an authentic tryptophan sample. Water-saturated butanol 
was used as the solvent for the chromatogram. 

To 20 ml. of the original 100 ml. of enzyme digest were added 20 mg. of 
stock L-tryptophan and 3 ml. of 50 per cent sulfuric acid. The mercury 
salt of tryptophan was precipitated by the addition of 2 gm. of HgSO, in 
10 ml. of 6 per cent sulfuric acid. The mixture was allowed to stand 48 
hours, at the end of which time the yellow precipitate was filtered off, 
washed with 5 per cent sulfuric acid, and finally with water. The moist 
mercury precipitate was suspended in 8 ml. of water and made alkaline to 


TABLE | 
Distribution of Radioactivity in Mold Culture Components 


Activity® Activity* 








Sample | Total counts | 
Ne | Component per sec. me wi: | — 
al eal | . per cent | percent 
1 | Culture fluid after removal of mycelium 57,500 7a 1° wo 
2 | Carbon dioxide trapped during growth of| 739,652 92.3 92.3 
mold 
8 | Acetone-extracted material from mycelium) 6,500 0.8 0.8 
4 | Isolated nicotinic acid | 0.0 | 0.0 
5 | Mycelium after acetone extraction | 19,686 2.4 
6 | Water-insoluble material after ensymatic| 2,689 0.3 0.3 
digestion of mycelium 
7 | Water-soluble material after enzymatic, 11,860 1.5 1.5 
digestion of mycelium | 
8 | Isolated tryptophan | 0.0 0.0 | 
RY le a nate 4d cue 2. Rae ea RS ae ee | 102.1 


* Based on assay of original anthranilic acid, 48,000 counts per second per mg. 
Total activity used = 16.7 X 48,000 = 801,600 counts per second. 


phenolphthalein with a concentrated barium hydroxide solution. A rapid 
stream of hydrogen sulfide was passed into this alkaline solution to precipi- 
tate the mercury as its sulfide. This was filtered off and washed with 
water. Traces of barium ion were removed by the addition of a drop of 
dilute sulfuric acid followed by filtration. The filtrate was taken to a pH 


| of5.9 with sodium carbonate, concentrated to about 5 ml. under a vacuum, 





and continuously extracted for 12 hours with 75 ml. of butanol. After 
adjusting the butanol extract back to 75 ml., a 5 ml. aliquot was taken 
for bioassay. The total butanol solution contained 9.4 mg. of tryptophan. 
The bulk of the extracted tryptophan contained in 70 ml. of butanol was 
taken to dryness. 40 mg. of stock tryptophan were added to the residue 
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and the whole was taken up in 4 ml. of water. The volume was reduced to 


1.5 ml., from which the tryptophan did not precipitate, even though the | 


solubility of the solute in that volume of water at room temperature 
had been greatly exceeded. Small amounts of discolored material which 
precipitated were filtered off. The filtrate was taken to dryness and the 
residue crystallized twice from 60 per cent ethanol, m.p. 273-276°. The 
melting point of an authentic sample of tryptophan taken simultaneously 
was 275-278°. The ultraviolet absorption spectrum of the isolated materia] 
was identical with that of the authentic tryptophan used for isotopic 
dilution. 

Distribution of Radioactivity—A general summary of the distribution of 


radioactivity in the various components of the mold culture is given jin 
Table I. 


DISCUSSION 


The absence of radioactivity in the isolated niacin and tryptophan 
shows that, if the carbon in the side chain of anthranilic acid was incor- 
porated as a structural unit in the formation of these two substances in 
Neurospora, it was lost during further metabolism involving these sub- 
stances. The organism used for determining the tryptophan content of 
the mold digest does not differentiate between anthranilic acid, indole, 
tryptophan, and possibly peptides of tryptophan. This ambiguity was 
overcome by the use of paper chromatography. Not only was the iso- 
lated tryptophan identified by its position on a chromatogram, but a 
separation of biological activity and radioactivity was also effected by the 
same technique. The problem of differentiating nicotinic acid from its 
amide prior to dilution was also resolved by paper chromatography. 


| 


Here again, a complete separation of radioactivity from biological activity | 


was possible. 

The presence of large quantities of isotopic carbon in the carbon dioxide 
evolved during the growth of the mold indicates that a major portion o 
the carboxyl group in anthranilic acid finds its way into this substance 
during growth of the mold. 


SUMMARY 


1. Anthranilic acid containing C“ in the side chain was given to 4 
Neurospora mutant form which required either anthranilic acid, indole, | 
or tryptophan as a supplement for growth. Nicotinic acid and tryptophan 
isolated from the mold tissue were found to contain no detectable quantity 
of the isotopic carbon. 

2. A large part of the isotopic carbon was accounted for in the carbo 
dioxide evolved during the growth of the mold. 
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CARNOSINASE: AN ENZYME OF SWINE KIDNEY* 


By H. THEO HANSON anv EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Medicine and Biological Chemistry, University of Utah College of 
Medicine, Salt Lake City) 


(Received for publication, January 10, 1949) 


Since it was shown in a previous report (1) that certain peptidases were 
capable of hydrolyzing peptides containing §-alanine, the present investiga- 
tion was undertaken to determine the possible metabolic fate of the natu- 
rally occurring peptide, carnosine. Although this substance, 8-alany]-i- 
histidine, has long been known and is one of the most abundant of the 
non-protein nitrogenous constituents of muscle, little is known regarding 
its metabolism or function (2). However, in the past few years it has been 
observed (3) that crude preparations of certain tissues, particularly kidney, 
spleen, and liver, can hydrolyze carnosine, but this peptide is not split by 
muscle tissue; nor is the autolysis of muscle affected by the addition of 
carnosine (4). This work suggests that the first step in the metabolism of 
carnosine is its hydrolysis into the constituent amino acids. This is also 
indicated by the work of du Vigneaud, Sifferd, and Irving (5), who found 
that the histidine of carnosine is available for the growth of animals on a 
histidine-deficient diet. 

We have utilized the excellent procedure of Sifferd and du Vigneaud (6) 
for the synthesis of carnosine. It has been found that certain tissues can 
hydrolyze this peptide, and we have named the responsible enzyme carno- 
sinase, since its properties are distinct from those of any previously de- 
scribed protease. The carnosinase of hog kidney has been partially purified 
and has been shown by inhibition and activation studies to be a metal- 
enzyme like other exopeptidases. The specificity of this enzyme has also 
been studied by its action on synthetic substrates. 


Distribution and Preparation of Enzyme 


Carnosine is hydrolyzed by certain tissues of the rat. Since the hydroly- 
sis follows zero order kinetics, the rates have been calculated as K°, per 
cent hydrolysis per minute. The relative activities, calculated per gm. of 
fresh rat tissue, were for kidney K® = 1.2, liver 1.5, spleen 0.7, and skeletal 
and heart muscle 0.0. A desiccated preparation of hog kidney (Viobin 

* This investigation was aided by a grant from the United States Public Health 
Service. 

t Postdoctorate Fellow of the United States Public Health Service. 
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Corporation) was quite active. However, fresh frozen hog kidney gave 
superior activity and yields. This tissue was used in making two prepara. 
tions of carnosinase: Preparation A, which contained no added metal ions and 
was useful for activation studies with metals and for testing the effect of 
inhibiting agents, and Preparation B, which was derived from Preparation 
A by treatment with Mn* and was the most active preparation obtained, 

Preparation A—Fresh frozen hog kidney (400 gm.) was ground in a me- 
chanical meat grinder before the tissue had completely thawed. The 
grinder was rinsed with 1600 cc. of water which were used to extract the 
enzyme. Larger volumes of water or saline solutions gave less satisfactory 
extractions. After standing for 10 to 15 minutes, the mixture was centri- 
fuged for 45 minutes at 2500 R.p.m. in the cold room. The upper fatty 
layer was then aspirated and the turbid enzyme solution was decanted from 
the insoluble residue, which was discarded. This enzyme solution (1300 
cc.) had a protein N content of 1.3 mg. per cc., and a proteolytic coefficient, 
C° of 0.38. (The zero order proteolytic coefficient, C°, is equal to K® per 
mg. of protein N per cc. of the reaction mixture.) The yield of this extrac- 
tion was K® = 0.5 per gm. of moist tissue. 

One-tenth volume (130 cc.) of toluene was added to the enzyme solution 
and the mixture was heated in a water bath at 55° for 15 minutes. The 
mixture was quickly cooled to 0°, and 179 gm. of ammonium sulfate (144 
gm. per liter) were added to achieve 25 per cent saturation. The resulting 
precipitate was collected on fluted filter paper and discarded. (This and 
the succeeding steps in the procedure were performed at 2°.) The clear 
red filtrate (1100 cc.) was brought to 55 per cent saturation with 211 gm. 
of ammonium sulfate (192 gm. per liter) and was again filtered through 
fluted paper. The red filtrate was discarded. After thorough dialysis of 
the precipitate, the fine suspension containing the enzyme was centrifuged. 
About one-third of the activity remained in the clear, brownish superna- 
tant; the remainder was present in the residue. The residue was extracted 
with 20 cc. of 0.15 m sodium chloride and centrifuged; the insoluble, inactive 
material was discarded. The slightly opalescent saline extract (20 cc.) is 
Preparation A. It contained 3.9 mg. of protein N per cc., and C® = 0.86. 
This represents a purification of 2.3 times and a yield of 13 per cent based 
on the crude water extract. The soluble fraction obtained after dialysis 
was less pure (C° = 0.35) and represented 7 per cent of the original activity. 

The very limited solubility of the enzyme in water suggests that it has 
the properties of a globulin. About 20 per cent of the carnosinase activity 
is lost after standing for 8 days at 2°. 

Preparation B—Further purification of the enzyme was achieved by the 
addition to 7.5 cc. of Preparation A of sufficient manganous chloride t 
make the solution 0.01 m, of enough veronal (diethyl barbiturate) buffer 
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to make the solution 0.01 M, and of 0.1 m sodium hydroxide to bring the pH 
to 7.9 to 8.1. This mixture was then heated at 40° for 1 hour, whereupon 
a precipitate formed. The removal of this precipitate by centrifugation 
ieft a clear and almost colorless solution (14 cc.) which contained all of the 
activity. This is Preparation B; it contained 1.9 mg. of protein N per cc., 
and C° = 5.6. The true yield in this purification cannot be ascertained 
because of the activation produced by manganese (see below). However, 
the apparent purification was 14.7 times compared with the proteolytic 
coefficient of the crude water extract. 


TABLE I 
Relation of Hydrolysis Rate to Carnosinase Concentration 
Appropriate dilutions of Preparation B were made just before use with 0.01 m 


MnCl, in 0.01 M veronal, pH 8.0. Hydrolysis was measured at 40° in 0.04 m veronal 
at a pH of 8.0 + 0.2; the substrate concentration was 0.05 M. 


























| | 
— Time Hydrolysis Ke Average, C? 
“polsin N per cc. hrs. per cent 
14.5 0.072 4.9 
29 1 10 0.16 
3 26 0.15 
4 37 0.15 
5 | 42 0.14 | 
5 | 56 0.13 
9.5 71 0.13 5.0 
54 0.26 5.1 
109 0.61 5.5 
181 0.98 5.3 
181 0.75 44 0.98 
1 55 0.92 
1.25 | 75 | 1.00 5.3 





Properties of Carnosinase 


Kinetics—The hydrolysis of carnosine by swine kidney preparations 
has been found in all cases to follow the kinetics of a zero order reaction. 
The data in Table I show that the proteolytic coefficient is nearly constant 
for a range of enzyme concentration of at least 1 to 12. Since all of our 
assays were conducted within these limits, a true measure of the enzyme 
activity was obtained. The slightly decreased values of C° at the lowest 
enzyme concentrations indicate that some inactivation occurs during the 
long period necessary for conducting these assays. This is also indicated 


by the falling constants found in the experiment which contained 29 y of 
protein N per cc. 
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Effect of Inhibitors and Metals—Table II shows that carnosinase js 
strongly inhibited by such typical metal poisons as sulfide, cyanide, and 
cysteine, and slightly inhibited by azide and fluoride. This suggests that 
the enzyme contains a metal which is essential for the activity. It algo 


eR 


TaBLe II 
Effect of Enzyme Inhibitors on Carnosinase 


The enzyme, Preparation A, was incubated 1 hour at 40° with the inhibitor and 
0.01 m veronal buffer at pH 7.7 to 8.1 before addition of the substrate. No metal 
ions were added. 


Inhibitor Relative activity 
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TABLE III 


Effect of Various Metals on Activity of Carnosinase 


The enzyme, Preparation A, was present at a concentration of 0.82 mg. of protein 
N per cc. in 0.01 m veronal buffer at pH 7.3 with the metal ions at 0.001 m. 








Metal | Average, C° | Relative activity 
| | per cent 

Mn*+ 0.92 | 172 
zn*+ | 0.73 | 136 
None 0.56 100 
Mgt+ 0.49 | 87 
Cd++ 0.44 | 79 
Fet+ | 0.42 | 75 
Co** 0.40 | 70 

| 55 


Ca** 0.31 


shows that most of the metal is retained by the protein during the purifi- 
cation procedure. 

The metal-protein character of this enzyme is also indicated by the find- 
ing that Mn*+* and Zn** increase the activity (Table III). Other metals 
tested in this and additional experiments at other pH values produced 
either no effect or slight inhibition. The enhancement of activity pro 
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duced by Mn** in the experiment shown in Table III is actually minimal, 
since incubation of Mn*+* and Preparation A for 3 hours at a somewhat 
higher pH value produced a greater effect. The data in Table IV demon- 
strate this time reaction between the protein and Mn**. As with other 
peptidases (7), the time reaction indicates complex formation between the 
metal and the protein. 

It is of considerable interest that the reaction kinetics are regular, even 
when insufficient incubation time is allowed for the maximal combination 
of the metal and protein in the absence of substrate. With other pepti- 
dases, increasing values of the velocity constants are obtained. With car- 
nosinase we must assume that the substrate binds the metal with great 


TaBLe IV 

Time Relations of Activation of Carnosinase by Manganous Ion 
Preparation A (1.38 mg. of protein N per ce.) was incubated at 40° and at pH 
7.75 with 0.01 m MnCl: in 0.03 M veronal buffer before addition to the flask containing 
the substrate. In the test solution, the Mn*+ concentration was 0.001 mM, the pro- 
tein N, 0.55 mg. per cc., and the pH was 7.6. 








oe san Hydrolysis Ke | Average, C? | er” otter 
peli Bi tener 4 re a | : 
hrs. | hrs. per cent | per cent 
0 i. 2 | 19 0.16 | 
4 41 0.17 | 
4.5 48 | 0.16 | | 
6 | 50 | 0.14 | | 
6.75 62 | (08S | 
8.25 74 0.15 0.27 
3 1 29 | 0.49 | 
1.5 44 0.40 | 
2 | 59 | 0.50 | 
3 18Gb dosaiid@ber po Ope 233 
5 1.5 | | 283 


43 | 0.48 0.90 


avidity and prevents the development of the activity which would have 
been achieved in the absence of carnosine. Since the Mn++ concentration 
(0.001 m) is much lower than that of the substrate (0.05 m), there is ample 
substrate for binding most of the metal, and the actual concentration of 
free substrate is diminished to only a slight extent. 

Although Zn*++ activates carnosinase when present during the enzymatic 
assay, the data presented below indicate that the activation is extremely 
rapid under our experimental conditions. 

Effect of pH and Buffer Ions—The data presented in Fig. 1 indicate that 
the optimal activity of the manganese-activated protein is in the region of 
pH 8.0 to 8.4, of the zinc-activated enzyme, at pH 7.8 to 7.9, and, without 
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added metal, still lower at pH 7.4 to 7.5. It should be noted that the (! 
values plotted for the Mn++-enzyme have been reduced to one-fourth of 


their true magnitude. Nevertheless, the significant shift in the PH opti- | 


mum strongly suggests that the metal-enzyme in the tissues is not a map 
ganese-protein. The optimum and the shape of the curve for the zine. 
enzyme are closer to that of the unactivated preparation, and the smooth 
contours of both curves with the five different buffers indicate the absence 
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Fig. 1. Carnosinase activity as a function of pH in the presence of zinc, of man- | 


ganese, and without added metal. Preparation A was exposed to Zn** only during 
the course of the assays, but was preincubated with Mn** for 3 hours. The C° val- 
ues plotted for the Mn** enzyme have been reduced to one-fourth of their actual 
magnitude. The enzyme concentration was 0.19 mg. of protein N per cc. The pil 
values were measured before 65 per cent of the substrate had been hydrolyzed. 


of inhibition by these ions. The similarity of the unactivated enzyme and 
the zinc-enzyme suggests that natural carnosinase contains zinc. 

The striking shifts in the pH activity curves indicate the necessity for 
careful evaluation of tests of metal activation. Had the effect of Mn™ 
been tested only at levels more acid than pH 6.7, the activation by this 
metal would have been missed completely. It is obviously desirable to test 
metal activation at several pH values. 

The data of Table V demonstrate that the use of 0.08 m citrate in the 
reaction mixture reduces the activity of Preparation B to 18 per cent of ils 
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value in 0.05 m veronal at the same pH. Under the same conditions, 
phosphate ion reduces the rate to 10 per cent of that in veronal buffer. The 
data in Fig. 1 show that phosphate and citrate do not inhibit Preparation A 
(no added metal) or the zinc-enzyme preparation. Here again the differ- 
ence between the unactivated and the manganese-enzymes indicates that 
manganese is not the original metal which must have been displaced by the 
relatively high concentration of manganese. The fact that the zinc-enzyme 
behaves like the unactivated enzyme is consistent with the view that zinc 
is the natural activator. 

Phosphate or citrate buffers must be cautiously used in experiments with 
metal-enzymes, since these may have profound effects on these enzymes. 
With carnosinase, Zn*++ appears to give greater activation than Mn++ in 


TABLE V 
Inhibition of Manganese-Activated Carnosinase by Phosphate and Citrate 
Preparation B was exposed to the buffers in the indicated concentrations only 
during the course of the hydrolysis. The final enzyme concentration was 0.18 mg. 
of protein N per cc. 
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phosphate or citrate, whereas, with glycyl-t-leucine dipeptidase, these 
buffers produce an apparent activation because of their removal of Ca++ 
(8). Fortunately, the reaction rates of the Mn++-enzyme in veronal and 
borate buffers are almost equal in the region of maximal activity (Fig. 1). 

Stability of Carnosinase—The enzyme is much more stable in the presence 
of Mn*+ than it is in that of Zn++ or in the absence of added metal. The 
instability of the Zn*+-enzyme was revealed by incubating the enzyme at 
40° in 0.01 m veronal buffer. After 4 hours at pH 7.0, only 3 per cent of the 
activity remained, while, at pH 7.7, 63 per cent of the activity remained. 
This is in marked contrast to the 30 to 60 per cent increase in activity ob- 
tained when 0.001 M zine acetate is present only during the hydrolysis of 
camosine, even at pH 7.3. It is probable that the substrate protects the 
enzyme at these pH values. This phenomenon has been observed with 
other enzymes such as hexokinase (9). 

It is notable that under the same conditions that obtain for the inactiva- 
tion by zinc, manganese produces a 2- to 3-fold activation. The similar 
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instability of the unactivated enzyme and of the Zn*+-enzyme at neutral 


pH values provides further evidence which points towards Zn*+ ag tho | 


metal in carnosinase in the tissues. 

Differentiation of Carnosinase from Other Peptidases—Considerable eyj.- 
dence has been obtained which shows that the hydrolysis of carnosine by 
kidney extracts cannot be attributed to any known enzyme. For example, 
an aqueous extract of hog intestinal mucosa which contains all other know 
metal-activated peptidases has no hydrolytic action on carnosine; this has 
also been found to be true by Meshkova and Severin (10). A very actiye 
preparation of peptidases from human uterus (11) also was found to hayy 
no carnosinase activity. Crystalline bovine pancreatic carboxypeptidag 
at 0.5 mg. of protein N per cc., a concentration 1000 times greater than that 
required to split carbobenzoxyglycylphenylalanine, has no effect on carno- 
sine or carbobenzoxycarnosine. 

The inhibition of carnosinase activity by cysteine demonstrates that this 
enzyme is distinct from kidney cathepsins II, III, and IV, which are aeti- 
vated by cysteine (12). Moreover, kidney cathepsins I, II, III, and IV 
have optima in the range of pH 3.5 to 5.0, which is far more acid than the 
optimal pH for the hydrolysis of carnosine. The failure of iodoacetate to 
inhibit carnosinase also demonstrates that free sulfhydryl groups are un- 
necessary for the activity of the enzyme; this supplements the information 
gained with cysteine. Although the dehydropeptidase of kidney is acti- 
vated by zine (13), it differs from carnosinase in not being activatable by 
manganese. The known endopeptidases of the gastrointestinal tract do 
not contain metals. The present evidence appears to be sufficient to indi- 
cate that carnosinase is different from any of the known proteases. 

Specificity of Carnosinase—In Table VI are presented the data for the 
action of Preparation B on a number of compounds containing histidine. 
It should be noted that the hydrolysis of certain of these compounds follows 
the kinetics of a first order reaction (C') more closely than those of a zero 


1 It should be observed that no claim is made that Preparation B is enzymatically 
homogeneous. However, it is felt that the evidence is sufficient to indicate that 
the activity towards carnosine and the other histidine compounds represents a nev 
type of peptidase activity. As already mentioned, crude extracts of hog intestinal 
mucosa and human uterus do not hydrolyze carnosine. This indicates that the 
carnosinase action cannot be attributed to such extremely active constituents 0 
these and many other tissues as leucine aminopeptidase, glycylglycine dipeptidase, 
glycyl-t-leucine dipeptidase, prolidase, prolinase, aminotripeptidase, etc. Hov- 
ever, Preparation B has been tested for some of these activities under the conditions 
of theexperimentsin Table VI. It was found that there was only a negligible amount 
of leucine aminopeptidase (3 per cent hydrolysis of u-leucinamide in 3.5 hours). 
Considerable hydrolysis of glycylglycine (54 per cent in 3.5 hours), of glycyl- 
leucine (69 per cent in 3.5 hours), and of triglycine (44 per cent of one peptide bondi 
3 hours) was observed with this preparation. 
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order process. Both velocity constants have been given in order to faeili- 
tate comparison of the rates. 

It has tentatively been assumed that the action on all of the histidine- 
containing substrates is due to the same enzyme. While further study is 


TABLE VI 
Specificity of Carnosinase 


The enzyme was Preparation B (0.19 mg. of protein N per cc.) in 0.04 m veronal 
buffer at pH 7.9 + 0.1. The substrates were used at 0.05 m. 


Substrate Time Hydrolysis ce ci 
hrs. | per cent 
g-Alanyl-L-histidine...................| 0.5 61 5.3 
s-Alanyl-p-histidine*.................. 24 20 0.074 | 
u-Alanyl-u-histidine*.................. _ 0.25 23 8.0 | 0.040 
0.50 45 7.9 0.046 
0.75 61 7.2 0.048 
5 95 
p-Alanyl-L-histidine*.................. | 0.5 26 4.6 0.023 
0.75 41 4.8 0.027 
1.5 59 3.5 0.023 
24 98 
Glyeyl-t-histidine*. . gpg forngg 6.1 | 0.033 
} OS? a ee | 6.0 | 0.036 
a | | 64 5.6 | 0.039 
| 27 92 
L-a-Aminobutyryl-u-histidine*........ ho ae 15 0.68 | 0.0032 
am 19 0.58 | 0.0026 
| 22 87 0.37 | 0.0035 
| 49 99 
Glyeyl-u-histidinamide................) 1 1] 0.95 
lL viabell 17 1.00 
7 | 24 1.05 
5 | 52 0.90 | 
24 99 
§-L-Aspartyl-1-histidine*.......... ....| 48 18 0.006 
Carbobenzoxy-L-carnosine............. 48 0 
Carbobenzoxyglycyl-u-histidinamide... 48 0 


*It is a pleasure to acknowledge the kindness of Dr. Vincent du Vigneaud in 


giving us these compounds and in providing us with seed crystals of carbobenzoxy- 
carnosine and carnosine. 


hecessary to prove this assumption, certain definite conclusions may already 
be drawn from the available data. It is clear that no carboxypeptidase 
action or endopeptidase action is involved, since carbobenzoxycarnosine 
and carbobenzoxyglycyl-t-histidinamide are resistant to hydrolysis. It is 
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also apparent that the free amino group is essential for the enzymatic 
action. 


If a single enzyme is involved, it would appear that the location and eop. | 


figuration of the amino group are not highly critical, since, in addition to 
the hydrolysis of carnosine, the preparation acts quite rapidly on glycyl-. 
histidine, L-alanyl-L-histidine, and p-alanyl-t-histidine. The change jp 
the position of the amino group from a to 6 or, at the a position, from the 
L to the p configuration affects the rate of hydrolysis only by a factor of 2 
This is in great contrast to most enzymes in which substrates containing 
p-amino acids are highly resistant to proteolytic action. Moreover, with 
such enzymes as prolidase and glycyl-L-leucine dipeptidase, a shift in the 
amino group from the a to the 8 position decreases the sensitivity of the 
substrate about 300 times (1). 

The lower rate of hydrolysis found with L-a-aminobutyryl-L-histidine 
indicates that the preparation acts most rapidly on compounds bearing a 
2- or 3-carbon residue attached to the t-histidine moiety. The additional 





free carboxy! group of 6-L-aspartyl-L-histidine markedly decreases the rate | 


of hydrolysis of this peptide. 

In contrast to the relative indifference of the preparation to the optical 
configuration of the alanine residue is the observation that p-carnosine 
(8-alanyl-p-histidine) is very resistant to hydrolysis. Obviously, the main 
specificity is directed towards the L-histidine portion of the substrate. 


Glycyl-t-histidinamide is hydrolyzed and the action stops after one bond | 


is split. This indicates that the hydrolysis occurs between the glycine and | 


histidine residues. If the terminal amide linkage were split first, the re 
sulting glycyl-L-histidine would be subject to the enzymatic action, and 
both bonds would be hydrolyzed. This interpretation of the locus of ac- 
tion on this substrate is supported by our failure to detect free ammonia in 
the test solution by direct nesslerization. Moreover, these results demon- 
strate that L-histidinamide is not hydrolyzed by Preparation B, and that 
there is no action of a histidine exoaminopeptidase. It was likewise found 
that carnosinase is not a 8-alanine exoaminopeptidase, since no hydrolysis 
of B-alaninamide or 8-alanylglycine could be observed. 

It is clear from the present information that carnosinase is an exopepti 
dase like many other metal-peptidases. By the usual definitions the et- 


————— 


zyme can be classified as a dipeptidase or an aminopeptidase. Although | 
it is likely that the same enzyme acts on the various closely related histi 


dine-containing peptides, we have used the name carnosinase in order t 
focus attention of the important naturally occurring substrate. 


DISCUSSION 


In an excellent summary of earlier work, du Vigneaud and Behrens (2) 
concluded in 1939 that “our knowledge concerning the origin, function, at! 
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fate of carnosine is still regrettably deficient.”” The results of the present 
investigation indicate the possible fate of this substance. The existence 
of a distinct enzyme in kidney and other tissues suggests that the normal 
metabolism of carnosine involves the hydrolysis of the peptide to its con- 
stituent amino acids which are then metabolized individually. Previous 
work (2) has already shown that injected carnosine causes an increased 
output of urea. 

In a recent development of the polyaffinity theory, it was proposed (14) 
that the metal-peptidases combine with their substrates by the formation 
of a chelate complex in which the metal is the bridge between the protein 
and the substrate. It was also postulated that the bonds between the 
metal and the substrate are on opposite sides of the sensitive peptide link- 
age. With this notion applied to carnosinase, it would appear that one 
linkage of the metal is with the essential free amino group; the other would 
then have to be with the histidine-nitrogen of the peptide linkage. The 
striking shift in the pH activity curve of carnosinase with different metals 
provides additional evidence for this type of complex formation. A simi- 
lar phenomenon has already been described for arginase by Hellerman and 


Stock (15). 


EXPERIMENTAL 


The enzymatic experiments were performed at a substrate concentration 
of 0.05 m. Hydrolysis was estimated on 0.2 cc. samples by titration of 
liberated carboxyl groups with 0.01 m potassium hydroxide in alcohol with 
thymolphthalein as the indicator (16). The results are expressed as 100 
per cent for the complete hydrolysis of one peptide bond. 


Carnosine 


This was prepared essentially as described by Sifferd and du Vigneaud 
(6). However, several modifications were made which gave more con- 
venient procedures, or more consistent yields. Carbobenzoxy-6-alanine 
methyl ester was converted to the hydrazide by shaking for 1 minute with 
a 2-fold excess of 85 per cent hydrazine hydrate in an equal volume of abso- 
lute ethanol; the product began to crystallize almost immediately and, 
after 3 hours at room temperature, the solution was cooled to 0°. A yield 
of 85 per cent was obtained. 

Carbobenzoxycarnosine—More consistent yields of carbobenzoxycarno- 
sine were obtained by allowing the reaction between carbobenzoxy-f-alanine 
azide with L-histidine methyl ester to proceed at 40° instead of at room 
temperature. After recrystallization from water, a preparation of carbo- 
benzoxycarnosine was obtained which melted at 171°. Sifferd and du 
Vigneaud (6) reported 161°. To substantiate the higher melting point, 
the other properties were determined. 
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CirH2oOsNa. Calculated. C 56.66, H 5.59, N 15.55 
360.36 Found. ** 56.65, ** 5.60, “* 15.53 (Dumas) 


[alo = +16.4° (1% in water) 


Du Vigneaud and Hunt (17) found [a]%# = +10.5° (1 per cent ip 
water). However, du Vigneaud and Behrens (2) cited a value obtained 
by Sifferd as [a]? = +14.5°. 

Carnosine Nitrate—Hydrogenation of the above carbobenzoxycarnosine 
in the presence of 1 equivalent of nitric acid and a palladium catalys; 
gave a 92 per cent yield of the expected product; m.p. 223° (decompog- 
tion). 


lalp = +22.9° (5.7% in water) 





Gulewitsch (18) reported [a] 2° = +23.3° (5.2 per cent in water): m.p. | 


222° (decomposition). 
Carbobenzoxyglycyl-L-histidinamide—Carbobenzoxyglycyl chloride (from 
5.6 gm. of carbobenzoxyglycine) was coupled with t-histidine methy] ester 


(from 31.5 gm. of the dihydrochloride), as described by Hunt and dy 
Vigneaud (19). The oily ester was allowed to stand for 2 days at room | 


temperature in 100 cc. of methanol which had been previously saturated 
with NH; gas at 0°. The solution was concentrated in vacuo, and the regi- 
due extracted with 250 cc. of hot ethanol. The residual carbobenzoxy 
dipeptide amide was recrystallized from hot water. Yield, 1.9 gm.; mp. 
212-213° (decomposition). The compound apparently contained half a 
molecule of water which could not be removed at 93° in vacuo. 


Cy6H19Oi.N;5-$H20. Calculated. C 54.23, H 5.69, N 19.77 
354 .36 Found. ** 64.36, “* 5.78, ‘© 19.87 (Dumas) 


Glycyl-L-histidinamide Dihydrochloride—1.1 gm. of the above compound 
were hydrogenated in ethanol and water in the presence of 2 equivalents 
of HCl. The palladium catalyst was filtered, and the solution concen- 
trated in vacuo. The product was recrystallized from ethanol ether; 


yield, 0.29 gm. The compound is exceedingly hygroscopic. For analysis, | 


it was dried at 65° for 3 hours; it appears to be the monohydrate. 


CsH02Ns-2HCI-H2O. Calculated. C 31.8, H 5.7, N 23.2 
302.16 Found. “31.8 6.0, “ 22.8 


SUMMARY 


1. Liver, spleen, and kidney of the rat and swine kidney were found to 
be excellent sources of an enzyme, carnosinase, which hydrolyzes carnosine, 
B-alanyl--histidine. 

2. The carnosinase of swine kidney has been partially purified. The 
enzyme is a metal-protein, as indicated by the inhibition produced by 
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metal-poisons such as cyanide and sulfide. Although both Mn+ and 
Zn*+ activate the enzyme, it is likely that Zn*++ is the metal which occurs 
in the enzyme in the tissue. This is indicated by the similarity of the 
Zn++-enzyme and the unactivated preparation with respect to (a) pH of 
optimal activity, (b) the poor stability at 40° in the absence of substrate, 
and (c) insensitivity to phosphate and citrate. 

3. Under the conditions of the experiments, the hydrolysis of carnosine 
follows the kinetics of a zero order reaction, and the rate is proportional 
to the enzyme concentration over a range of at least 1 to 12. The optimal 
action of the Mn**-enzyme is at pH 8.0 to 8.4, of the Zn++-enzyme at pH 
78 to 7.9, and without added metal at pH 7.4 to 7.5. 

4, Evidence has been given that the hydrolysis of carnosine cannot be 
attributed to any known protease. In addition to L-carnosine, the prepara- 
tio hydrolyzes both L- and p-alanyl-t-histidine, glycyl-1-histidine, and 
glycyl-t-histidinamide. p-Carnosine, §-L-aspartyl-1-histidine, carboben- 
moxy-L-carnosine, and carbobenzoxyglycyl-L-histidinamide are relatively 
resistant to hydrolysis. Carnosinase is an exopeptidase, and can be tenta- 
tively classified as a dipeptidase or an aminopeptidase. 
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THE CHEMICAL NATURE AND MODE OF ACTION OF 
PANCREATIC CARBOXYPEPTIDASE* 
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WITH THE TECHNICAL ASSISTANCE OF STRATFORD L. WENDELBOE 
(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 


Departments of Biological Chemistry and Medicine, University of Utah College of 
Medicine, Salt Lake City) 


(Received for publication, January 10, 1949) 


It has been shown that many of the exopeptidases are metal-protein 
compounds, and that the metal is essential for the hydrolytic action of 
these enzymes (1, 2). Although it is now some years since Anson (3) suc- 
ceeded in obtaining the carboxypeptidase of bovine pancreas as a crystalline 
protein, no studies appear to have been made of the chemical character- 
istics of this enzyme, although some of the physical properties have been 
investigated by Putnam and Neurath (4). In the meantime, a wealth of 
data has accumulated on its specificity and kinetics (5-11). 

Our first results (12) indicated that carboxypeptidase is a metallo-pro- 
tein, since the enzymatic action is strongly inhibited by such typical metal 
poisons as cyanide and sulfide. In this investigation, a further study has 
been made of the action of various enzyme inhibitors which demonstrate 
more conclusively the essentiality and nature of the metal. In several 
instances, quantitative data have been obtained which indicate the number 
of moles of inhibitor which combine with each active group of the enzyme. 
This and other information has led to a picture of the enzyme-substrate 
complex and the method of action of the enzyme. 

Unlike most of the other exopeptidases, the metal is firmly bound in 
carboxypeptidase. Ordinary precipitation procedures or dialysis do not 
remove the metal. Moreover, the inhibition which is produced by com- 
bination with metal-poisons is reversible by removal of the inhibiting agent. 
| Magnesium has been tentatively identified as the metal in carboxypep- 
| tidase, since it was found by spectrographic analysis in the ash of the en- 
| tyme preparation (12). Quantitative analyses of digests of the crystalline 
enzyme are now in progress.! 

- This investigation was aided by a grant from the United States Public Health 
rvice. 


ft Postdoctorate Fellow of the United States Public Health Service. Present 
address, Medical School, University of Wisconsin, Madison. 

‘In view of our somewhat unexpected finding that carboxypeptidase is a metal- 
protein, we have studied the action of trypsin in the presence of various inhibitors. 
Crystalline trypsin (the Armour Laboratories) was dialyzed until it was salt-free 
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EXPERIMENTAL 


Crystalline carboxypeptidase was prepared from frozen bovine pancreas 
by the method of Anson (3) and recrystallized five times by the procedure 
of Neurath, Elkins, and Kaufman (8). The enzymatic experiments were 
performed in 2.5 cc. volumetric flasks at 25°. The extent of hydrolysis 
was measured on 0.2 cc. samples by the titration of liberated carboxy! 
groups (13). 





We have used as the substrate in all of the experiments reported her | 


carbobenzoxyglycyl-t-leucine (7) at a concentration of 0.05 M, although 
many preliminary experiments were also performed with carbobenzoxy- 
glycyl-L-phenylalanine (12). Similar results were obtained with both sub. 
strates. It has already been shown that these substrates are hydrolyzed 
by the same enzyme (7). 

The experiments were performed within the limits of pH 7.4 to 78: 
there seems to be little variation of the enzymatic activity within this pH 
region. Solutions of the inhibitors were adjusted within these pH limits 
by the addition of HCl or NaOH before adding them to the enzyme. 
Evaluation of the enzyme activity was made by calculation of the first order 


velocity constant K, where Kt = log (a/a—) expressed in decimal loga- | 


rithms, and of the proteolytic coefficient, C, which is K per mg. of protein 


N per cc. In many cases it was observed that falling velocity constants | 


were obtained when enzyme, inhibitor, and substrate were added simul- | 


taneously. This could be avoided by allowing the enzyme and inhibitor 
to stand fora few hours at 25° or overnight at 2° before addition of the solu- 
tion of the substrate. By this procedure we obtained reproducible first 
order velocity constants. Additional exposure of the enzyme to the in- 
hibitor produced no further effect. Little or no inactivation of the enzyme 


could be detected in the control experiments, which were run parallel | 


with the studies of inhibitor action. 

In this study, several different preparations of carboxypeptidase were 
employed. These varied somewhat in their proteolytic coefficients and 
were of lower activity than some of the best preparations studied earlier 
(7, 8, 10). However, the extent of inhibition obtained with the different 
preparations was similar, and a few observations made with a carboxypep- 
tidase of high specific activity (C = 13 for carbobenzoxyglycyl-L-phenyls- 
lanine) gave identical results. Presumably, our less active preparations 
contained some inert protein. 

Kinetics in Presence of Inhibitor—Table I shows that in the presence d 








and then tested at pH 7.6 (phosphate buffer) for its action at 25° on a-benzoyl+- | 
argininamide. No inhibition could be detected in the presence of 0.01 m oxalate, 
0.01 m citrate, 0.01 m fluoride, 0.001 m sulfide, or 0.001 m cyanide. 
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phosphate or of cyanide marked inhibition is obtained, as compared to the 
results with the control in veronal buffer. In each instance, the kinetics 
follow those of a first order reaction. No indication was obtained in these 
studies of the variation in first order constants recently described (11). 


TABLE I 


Hydrolysis of Carbobenzoxryglycyl-L-leucine by Carboxypeptidase in Presence of 
Inhibitors 


The enzyme concentration was 0.004 mg. of protein N perce. The cyanide solu- 
tions contained 0.04 M veronal buffer at pH 7.6. The phosphate experiments were 
performed with the sodium salts at pH 7.5 to 7.6. 





Time | Hydrolysis K X 10¢ 





* hrs. per cent 
0.04 m veronal 0.5 22 | 36 
| 1.0 39 |) 86 
| 1.5 a 
| 2.0 62 35 
| 2.5 71 | 36 
| 4.0 86 36 
0,004 ‘* phosphate 0.5 21 35 
1.0 36 32 
1.5 49 33 
2.0 59 32 
| 25 | 68 33 
0.10 “ . | 12 | Gee. ae 
Ba? ae 12 
pp | ay~i ae 
| ae | ee ee 
0.0015 m sodium cyanide | 0.5 11 16 
ree 18 14 
i oe 26 14 
| 2.5 43 16 
| 4.5 59 14 
0.0005 " 0.5 15 24 
1.0 27 23 
3a a i 
| #0 48 24 
2.5 54 22 
4.5 


75 | 22 


That inhibition is produced by high concentrations of phosphate must be 
emphasized in view of the many investigations on this enzyme in which 
this substance has been employed as a buffer (e.g. (11)). 

The regularity of the kinetics indicates that a stable equilibrium has 
been reached between the enzyme-inhibitor complex and the free enzyme 
and inhibitor, as shown in equation (1). 
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806 NATURE OF CARBOXYPEPTIDASE 
Enzyme + inhibitor = enzyme — inhibitor (1) 


Reversibility of Inhibition—That the reaction is indeed a reversible equi. 
librium has been shown by experiments in which removal of the inhibitoy 
resulted in a restoration of the activity. The inhibition produced by phos. 
phate appears to be instantaneously reversible on dilution. In the preg. 





ns 


ence of 0.2 m phosphate C was 0.31, and after dilution to 0.002 m phosphate | 
C was 1.27, whereas the original proteolytic coefficient of the preparation jp | 


veronal buffer was 1.38. 


TaB_e II 
Reversibility of Carboxypeptidase Inhibition 
The enzymatic tests were performed at 25° with 0.05 m carbobenzoxyglycyl- 


L-leucine as substrate at pH 7.5 + 0.1 in the presence of a final concentration of | 


veronal buffer at 0.04 m. 








Prep- 
net Treatment ci 
No. 
1 Control 1,30 | 
2 With 0.003 m sodium cyanide 0.45 
3 Preparation 2 after dialysis for 24 hrs. at 2° against 0.1 m veronal) 0.4 
buffer | 


4 Preparation 3 after standing for 24 hrs. with 10 mg. horse methemo- | 1.17 
globin at 25° 
5 With 0.004 m sodium sulfide | 0.60 


6 Preparation 5 after dialysis for 24 hrs. at 2° against 0.1 m veronal| 0.82 
buffer 


7 Preparation 6 after standing for 24 hrs. with 10 mg. horse methemo-| 1.9 
globin at 25° 








Dialysis causes only a partial reversal of the sulfide inhibition (Table Il), | 
and no reversal of the cyanide inhibition. However, after dialysis, the 


activity is restored by the addition of small amounts of horse methemo- 


globin which has a high affinity for these inhibitors. Methemoglobia | 





has no effect on control solutions of the enzyme. This technique of 1 
versal of metal-enzyme inhibition has previously been used by Keilin and | 


Hartree (14) to demonstrate the reversibility of the cyanide inhibition d 
uricase. 

Other Inhibitors—The effect of various substances on carboxypeptidas 
is shown in Table III. The strong inhibition produced by citrate, oxalate, 
pyrophosphate, and cysteine all point to the presence of an essential met#! 
in the enzyme. Moreover, the action of the first three inhibitors me 
tioned strongly suggests that magnesium is the responsible metal. 
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The negligible inhibition produced by fluoride, or by fluoride plus phos- 
phate, is somewhat surprising, since fluoride has been regarded as a strong 
inhibitor of magnesium-enzymes. With enolase, Warburg and Christian 
(15) have shown that magnesium forms a reversible complex with fluoride 
and phosphate. Apparently with those enzymes with which the metal- 
protein combination is labile, a magnesium fluorophosphate is formed. 
In contrast to this, it appears that the magnesium is so tightly bound in 
carboxypeptidase that no fluoride or fluorophosphate compound can be 


TasBie III 
Action of Inhibitors on Carboxypeptidase 


The substrate was carbobenzoxyglycyl-t-leucine (0.05 m). The solutions con- 
tained 0.04 m veronal buffer. The enzyme and inhibitor were incubated at 25° for 
12 to 15 hours before the addition of the substrate. The inhibitor concentrations 
are for the final test solutions. 




















Inhibitor pH K X 10* | Inhibition 
per cent 
Seer itt VOPONE)  DURCR s:.. «.& <s.4/5505 ee oa ecas Beans 7.4-7.9 40 
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Mercurie “ Cee 8%). . ncaa eee eee 7.5 40 0 
meme meetate (0.0001 M).... 2.6... ok. steer ccc cc cecs 7.5 20 50 





formed. The strong binding of the metal in carboxypeptidase is demon- 
strated also by observations that, after the reversal of the inhibition pro- 
duced by phosphate, cyanide, or sulfide, no activation resulted from the 
addition of magnesium, and that prolonged dialysis, first against 0.1 m 
phosphate and then against saline, does not remove magnesium, since 
almost the full activity of the enzyme is restored. 

The inhibition by iodoacetate suggests the possible presence in the en- 
tyme of sulfhydryl groups which are essential for the activity. This is 
also indicated by the inhibition produced by low concentrations of cuprous 
and lead ions. However, no inhibition was caused by the addition of silver 
and mercuric ions to the enzyme. Since these metals generally act as 
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sulfhydryl inhibitors, the results cannot be easily interpreted at the pres. : 
ent time. It may be tentatively assumed that the inhibition produced by 
iodoacetate, copper, and lead is due to reaction with sulfhydry! groups, and h 
that the failure of the other heavy metals to inhibit is due to unknown 
factors. 


The sensitivity of the enzyme to minute amounts of certain metals in. 
dicates the need for strict precautions in avoiding contamination by such | 
substances during the preparation of carboxypeptidase. In a few jp. 
stances, we have detected an apparent enzyme activation of 10 to 20 per 
cent in the presence of 10~‘ Mm cyanide or sulfide. Ordinarily, this low eon. 
centration of these substances has no effect whatsoever. It is likely that | 
these effects are due to the removal of traces of contaminating heavy 
metals. | 

The large amounts of sodium ion which were present in some of the in- 
hibitor solutions led to experiments in which the activity of carboxypep- | 
tidase was tested with molar concentrations of sodium and potassium 
chlorides. These gave enzymatic activities which were identical with the 
control experiments in veronal buffer of lower ionic strength. | 

Quantitative Inhibition Studies—Studies were made with several inhib- 
itors in order to determine the quantitative relationship of inhibitor to 
the active groups of the enzyme. For an equilibrium of the kind shown 
in equation (1), where a is the total enzyme concentration, x is the amount 
of active enzyme, and (a — 2) is the quantity of enzyme bound to the in- 
hibitor, then 
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where J is the concentration of inhibitor, N is the number of moles of in- 
hibitor combined with one active group of the enzyme, and K is the equ 
librium constant. 

Equation (2) yields curves of different shape where N has different val | 7 
ues; these are shown in Fig. 1, where N is 1, 2, or 4. On the semilog | ex 
rithmic plot, the shape of the curves is independent of the parameters | % 
where the maximal enzyme activity is plotted to the same scale. 

Fig. 2 shows the results obtained with phosphate. The curve draw 
through the data is the theoretical one from equation (2) where N is equal | pp 
to 1. This suggests that 1 mole of phosphate combines with one active | pn 
center of the enzyme. The curve where N is equal to 2 does not gives 


aves 


satisfactory description of the data. - 
Fig. 3 presents the results for sulfide inhibition. Like the phosphate ) 
data, the curve which best describes the results is the one from equatid i 


(2) where N is equal to 1. Curves with other values of N do not describe 
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the results. With the exception of the value obtained at the highest sul- 
| all fide concentration, the fit is quite good. At the high concentrations of in- 
ed by hibitor, precise data are difficult to obtain, since the time required for 
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The curve drawn through the data is from equation (2), where N is 1. In these 
emiloga- | experiments and those given in Figs. 2 and 3, a constant amount of enzyme was in- 
rameters | ‘ubated with the inhibitor for several hours at 25° and at pH7.5+0.1. The inhibi- 
tor concentration is given for the final test solution after addition of the substrate 
(0.05 m carbobenzoxyglycyl-u-leucine). The final enzyme concentration was 0.004 
re drawn ° : ; 
mg. of protein N per cc. No buffer other than phosphate was present in these ex- 


Tis equal periments. The inhibitor concentration is the total amount of orthophosphate 
ne active | present. 
ot gives | 


kinetic measurements is quite long, and during this time some irreversible 
hosphate inactivation of the enzyme may occur. 

equation The data shown in Fig. 4 are for the effect of cyanide on carboxypep- 
. describe idase activity. Here the best description of the results is obtained with 
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the curve from equation (2), where N is equal to 2. Like the results ob. 
tained with cyanide and sulfide, the extensive data obtained with this 
inhibitor are sufficiently precise to eliminate easily other values of N froy 
consideration. This result leads to the conclusion that 2 moles of cyanide 
combine with each active center of the enzyme, while the binding of only 
one phosphate or one sulfide by the active group produces inhibition. 

The concentration of these substances required for 50 per cent inhibition 
(equivalent to K) is 0.089 m phosphate, 0.0037 m sulfide, and 0.00107 y 
cyanide. 
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Fia. 3. Effect of sodium sulfide concentration on activity of carboxypeptidase, 
The smooth curve is from equation (2), where N is 1. Veronal (0.05 m) was usedas 


the buffer. The other conditions of the experiments were the same as those given 


in Fig. 2. 

Fic. 4. Carboxypeptidase activity as a function of sodium cyanide concentra 
tion. The curve is derived from equation (2), where N is2. Veronal (0.05 m) was 
used as the buffer. The experiments were performed in the same manner as thos 
presented in Fig. 2. 


DISCUSSION 


The inhibition data obtained with carboxypeptidase indicate that this 
enzyme is a metallo-protein in which the metal is essential for the activity. 
It has already been suggested that in the metal-peptidases the réle of the 
metal is to form a chelate complex with both the protein and the substrate 
(1). With glycylglycine dipeptidase, there is marked parallelism between 
the ability of cobaltous ion to form a chelate complex with the substrate, 
as observed spectroscopically, and the ability of the enzyme to hydrolyz 
the substrate. With carboxypeptidase, the quantitative inhibition stud- 
ies suggest that two bonds are available for formation of the inhibitor com 
plex or of the enzyme-substrate complex. 
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Protein Protein Protein 
Peet ‘Nef a 
Mg Mg Mg 
Pie, Pb Y ihe’ 
HPO,” S- CN- CN- 


Thus with this metal which can form four bonds, two of coordinate and 
iwo of covalent character, there are two valences which can combine with © 
the inhibitor, and presumably two which are strongly linked with the pro- 
tein. 

While the schematic diagrams indicate the correct ratios of combination, 
it is not implied that each magnesium combines with both valences in S~ 
or HPO”. It is more likely that these ions actually form bridges which 
link the active groups of two molecules, as in —Mg—S—Mg—S—, or 
—Mg—HPO,—Mg—HPO,—. However, the ratios indicate the impor- 
tant result that two valences of the metal are available for combination 
with the inhibitor. 

Carboxypeptidase apparently contains sulfhydryl groups, as suggested 
by the strong inhibition of the enzyme which is produced by iodoacetate 
and by luw concentrations of Cu+ and Pbt++. It is reasonable to assume 
that, in the absence of substrate or inhibitor, two valences of the metal 
are tightly bound to unknown groups of the protein and two are loosely 
bound to sulfhydryl groups. In the presence of inhibitors or of a suitable 
substrate, the loose combinations are displaced by those compounds for 
which the metal has a higher affinity. 

The typical substrates of carboxypeptidase do not contain a free amino 


‘| group adjacent to the sensitive bond but must have a free carboxyl group 
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(5,10). A peptide hydrogen is not essential in the substrate, as indicated 
by the slow enzymatic hydrolysis of carbobenzoxy-L-tryptophyl-.-proline 
(10) and, even more dramatically, by the rapid hydrolysis of an ester bond 
in the compound hippurylphenyllactic acid (9). Chelate complexing of 
the metal must then occur with the carbonyl group at the sensitive bond 
and with the ionized carboxyl group, as shown for an acylated peptide. 


R’” R’ 





| | 

Acyl—N H—CH—C—-NH—CH—C0OOoO- 
Nl | T 
Oo 


: 


The arrows show the points of metal combination and the dotted line the 
sensitive bond. In contrast with dipeptidases and aminopeptidases where 
chelation of the metal must occur with the free amino group and the nitro- 
gen of the sensitive peptide linkage, the metal in carboxypeptidase does 
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not combine with nitrogen at all. It should be noted that the substrate | of 
combines not only with the metal but also directly with the protein through | ki 
the center that binds R’; the nature of R’ determines in large part the 
specificity of action and the rate of hydrolysis of different substrates (7 
10). It is also likely that R” may be bound by the protein, but the ef. | 
fect is small as compared to the large effect of R’ (10, 16). | fid 

The réle of the metal in forming the enzyme-substrate complex of the 
peptidases has led to the development of a theory of the mode of action sti 
of these enzymes (16). Briefly, it is postulated that, in each instance, ‘ 
chelation occurs at opposite sides of the sensitive peptide bond. These | of 





a 
=— 


9 two linkages (together with those which involve the protein directly through ‘ 
: R’ and R”) produce a strain or electronic distortion at the sensitive link. | id 
- age; this labilization (decrease in the energy of activation) permits the : 
: hydrolysis of the linkage by the usual hydrogen or hydroxy] ion catalysis, | 
2 While this hypothesis is now being subjected to further experimental test, | Pé 
4 it has already led to an explanation of many hitherto unrelated facts con- 

= cerning carboxypeptidase (16). 

5 It is noteworthy that according to this hypothesis the strength of the | | 
: acid combined at the sensitive linkage has a tremendous effect on the rate | ; 
‘ of hydrolysis of the peptide bond. For example, it is well known that | ‘ 
& chloroacetylamino acids are much more sensitive to hydrolysis than ace | 5, 
i tylamino acids; the former are much stronger acids than the latter. Sim- | 6. 
) ilarly, it was demonstrated (17) that carbobenzoxy-8-alanyl amino acids 1 
« are hydrolyzed much more slowly than carbobenzoxyglycy] amino acids. 5 
c It has now been found that carbobenzoxyglycine is a much stronger acid | 9 
? than carbobenzoxy-f-alanine.? Obviously, this is a free energy effect | 10. 
j similar to those reported for the non-enzymatic hydrolysis of many homo | 1l. 
: ogous series of esters and amides (18). , 
5 The specificity of carboxypeptidase (as well as other metal-peptidases) | 


may now be analyzed in terms of a number of distinct factors: (1) the | 45. 
diaffinity concept of von Euler and Josephson (19), which may be inter- 
preted in terms of the necessary polar groups of the substrate which are | % 
bound by the metal; (2) the polyaffinity concept of Bergmann (20), whieh 
is concerned with the correct steric relationship of R’ and the essential | y 
polar groups; (3) the specific binding energy of the protein for R’, R’, | ». 
and possibly other side chains, depending on the nature of the 
enzyme and its substrates; and (4) the free energy of the sensitive link- 
age which depends on the acid strength of the carboxyl group and on the 
strength of the amino or other group which is linked to the acid. There 
are undoubtedly many additional factors which influence the specificity 


* Unpublished observations by Lumry, Polglase, and Smith. 
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strate | of peptidases, and it will now be possible to separate them from these 
rough known factors which influence the specificity of these enzymes. 


art the 

ites (7, | . : , ee , 

the ef- | |. Crystalline pancreatic carboxypeptidase is inhibited by cyanide, sul- 
fde, phosphate, pyrophosphate, citrate, oxalate, and cysteine. These 

of the | studies indicate that a metal, presumably magnesium, is an essential con- 

action | stituent of the enzyme. 

stance | 2 Hach active group of the enzyme combines reversibly with 1 mole 

These: of phosphate, 1 mole of sulfide, and 2 moles of cyanide. 

hrough 3. Carboxypeptidase is inhibited by iodoacetate and by Cut and Pb++ 

ve link. | ions, suggesting the presence of essential sulfhydryl groups. . 

Lits the 4, This information has led to a picture of the method of combination 

talysis, | of enzyme and substrate, and a theory of the mode of action of the metal- 


al test, | peptidases. 
sts con- 
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PAPAIN RESOLUTION OF pit-TRYPTOPHAN; OPTICAL 
SPECIFICITY OF CARBOXYPEPTIDASE* 


By H. THEO HANSON{ ano EMIL L. SMITH 


(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Medicine and Biological Chemistry, University of Utah College of 
Medicine, Salt Lake City) 


(Received for publication, January 10, 1949) 


The optical specificity of the synthetic activity of papain has previously 
been used for the resolution of the pt mixtures of derivatives of several 
amino acids (1-3). With cysteine-activated papain and a mixture of the 
carbobenzoxy-DL-amino acid and aniline, the carbobenzoxy-L-amino acid 
anilide is synthesized and crystallizes from the solution. The carboben- 
wxy-D-amino acid is readily recovered from the mother liquor. 

We have used this method to resolve carbobenzoxy-pL-tryptophan. 
The crystalline carbobenzoxy-L-tryptophan anilide was obtained in quan- 
titative yield, but no method was found by which the free L-tryptophan 


| could be prepared without extensive destruction or racemization.! How- 


ever, the carbobenzoxy-D-tryptophan was easily converted by hydrogena- 
tion to D-tryptophan. Peptide derivatives of p-tryptophan were prepared. 
Previous studies (4) have demonstrated that substrates which possess 


| the free carboxyl group on a terminal p-amino acid are extremely resistant 


to the hydrolytic action of crystalline pancreatic carboxypeptidase. In 
agreement with these observations, we find that carbobenzoxyglycyl-p- 
tryptophan is not hydrolyzed by this enzyme (Table I). However, sub- 
strates of the type of carbobenzoxy-p-tryptophylglycine have not yet been 
tested. We find that this compound is also resistant to the hydrolytic 
action of carboxypeptidase (Table I). Thus, it appears that, for the action 
of this enzyme on carbobenzoxy dipeptides, the amino acid residue at either 


| position cannot be of the p configuration. 


* This investigation was aided by a grant from the United States Public Health 
Service. 

t Postdoctorate Fellow of the United States Public Health Service. Present 
address, Medical School, University of Wisconsin, Madison. 

‘It is apparent that hydrolysis by strong acid or alkali is not suitable for the 
preparation of this amino acid. u-Tryptophan may be recovered by hydrogenation 
of carbobenzoxy-L-tryptophan anilide followed by the papain hydrolysis of L-tryp- 
tophan anilide. However, the objective in this investigation was a simple method 
for the preparation of p-tryptophan. 
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EXPERIMENTAL 


The crystalline carboxypeptidase was obtained from frozen bovine pan. 
creas by Anson’s method (5) and recrystallized five times by the procedure 
of Neurath, Elkins, and Kaufman (6). The enzymatic tests were per. 
formed in 2.5 cc. volumetric flasks. Hydrolysis was measured on 0.2 ¢¢. 
samples by the carboxyl titration method of Grassmann and Heyde (7), 

The analyses for nitrogen on the compounds described below were per- 
formed by the micro-Dumas method. 

Enzymatic Synthesis of Carbobenzoxy-L-tryptophan Anilide—61 gm. of 
carbobenzoxy-DL-tryptophan (8) were pulverized and dissolved in 90 ¢¢. 
of 2m NaOH, and there were added 28 cc. of reagent grade aniline, 650 cc 
of 0.2 m citrate buffer at pH 5.0, 1.5 gm. of cysteine hydrochloride in g 


TaBLeE I 
Action of Crystalline Carboxypeptidase on Peptide Derivatives of u-Tryptophan and 
p-Tryplophan 
The tests were performed at 25° with solutions of 0.05 m substrate at pH 7.6 
buffered with 0.04 m veronal. 





| 














| Protein N 
Substrate | per cc. test Time | Hydrolysis 
solution | 

paren : ha | mg. hrs. a | per ceni 
Carbobenzoxyglycyl-L-tryptophan................ | 0.0005 | 2.5 | 8&8 
Carbobenzoxyglycyl-p-tryptophan.......... ere o | 0.4 | 54 | 0 
Carbobenzoxy-t-tryptophylglycine...............| 0.4 4 57 
Carbobenzoxy-p-tryptophylglycine............... 0.4 54 0 





few cc. of water, and a filtered solution of the enzyme obtained by extract- 
ing 4 gm. of commercial papain? with 30 cc. of water. The mixture was 
diluted with water to about 1 liter and allowed to stand at 40° for 6 days. 
In this reaction mixture, adjusted near the pH optimum of papain, car- 
bobenzoxy-DL-tryptophan is only partially soluble. Therefore, at 2 day 
intervals, the incubation was interrupted by cooling* the preparation to 
0° and adding 2 m NaOH until the solution was alkaline to phenolphthalein; 
the insoluble anilide was then filtered. After each of the first two crops 
was removed, the filtrate was readjusted to pH 5 with 5 m HCl, and enzyme 
and cysteine were added as before. The three crops of anilide (needles) 
weighed 37 gm. equivalent to 100 per cent of the theoretical yield. . After 


* Wallerstein Company, Inc., New York. 

* Alkali must be added only to cold solutions; otherwise extensive racemization 
occurs. In a trial experiment where this precaution was not taken, about 75 per 
cent of the carbobenzoxy-pL-tryptophan which was used was recovered as carbobes- 
zoxy-L-tryptophan anilide. 
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recrystallization from ethyl acetate-petroleum ether, the compound melted 
at 172-173°. 

CosH2,;0;Ns. Calculated. C 72.6, H 5.6, N 10.2 

413.5 Found. ans SQ AS 
p = +39.2° (2.5% in glacial acetic acid) 


lalp 


This anilide was also prepared by coupling carbobenzoxy-.-tryptophy] 
chloride (8) with aniline. After recrystallization from ethyl acetate-petro- 
leum ether, 


Calculated, N 10.2; found, 9.9 
laln = +39.4° (2.5% in glacial acetic acid) 


Carbobenzoxy-b-tryptophan—After the removal of the last crop of car- 
bobenzoxy-L-tryptophan anilide, the filtrate was acidified to Congo red 
by the dropwise addition of 5 m HCl, and allowed to stand at 0° for 24 
hours. The yield was 27 gm. or 87 per cent of the theoretical. The com- 
pound was dissolved in ethyl acetate, treated with norit, and recrystal- 
lized by the addition of petroleum ether; m.p., 124—126°. 


CisHisOu.No (338.4). Calculated, N 8.3; found, N 7.9 
ialp = +15.4° (5% in 1 equivalent of m NaOH) 


Carbobenzoxy-L-tryptophan‘ melts at 126° (8), and has an [a] = 
-14.8° (5 per cent in 1 equivalent of Mm NaOH). 

p-Tryptophan—4.0 gm. of carbobenzoxy-p-tryptophan were hydrogenated 
in 40 cc. of methanol, 3 cc. of water, and 1 cc. of glacial acetic acid in the 
presence of palladium black. About 250 cc. of hot water were added to 
dissolve the product before filtering the catalyst. The hot aqueous solu- 
tion was treated with norit and concentrated in vacuo. Yield, 1.8 gm. 

Berg (9) found for p-tryptophan, [a]? = +32.45° (0.5 per cent in 
water); Dunn and Rockland (10) give for L-tryptophan, [a] = —32.15° 
(2.07 per cent in water). 


Ci,H1202N,2 (204.1). Calculated, N 13.7; found, N 13.6 
[alh = +33.1° (0.8% in water) 


Carbobenzoxy-p-tryptophylglycine—2 gm. of carbobenzoxy-p-tryptophan 
were converted to the crystalline acid chloride (m.p. 75°) as previously 
described for the corresponding L compound (8). A solution of the acid 
chloride in 20 cc. of ethy! acetate was coupled at 0° with 0.53 gm. of glycine 
in the usual manner by using M NaOH as the neutralizing agent. After 
30 minutes at room temperature, the solution was acidified to Congo red 
with 5 m HCl, and the product was extracted into ethyl acetate. The 


‘The optical activity of these L compounds was measured on the identical prep- 
arations described earlier (8). 
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solution was dried over NaeSQO,, and the product crystallized by addition 
of petroleum ether. Yield, 1.5 gm. After recrystallization from the same 
solvents, the melting point was 156.5°. 
CuH20;N; (395.4). Calculated, N 10.6; found, N 10.3 
[als = +20.2° (4.7% in absolute ethanol) 


For the corresponding L compound, melting point 156° (8), and [a]” = 
—19.8° (4.7 per cent in absolute ethanol). 

Carbobenzoxyglycyl-v-tryptophan—To a solution at 0° of 2.5 gm. of p. 
tryptophan in 12 cc. of m NaOH, 3.1 gm. of crystalline carbobenzoxyglycy| 
chloride were added with an additional 12 cc. of mM NaOH. After stand- 
ing in the cold for 20 minutes and at room temperature for 1 hour, the 
solution was acidified and the product extracted into ethyl acetate. The 
solution was washed with water, and concentrated in vacuo. The oily 
residue was dissolved in hot ethanol-water and treated with norit. The 
crystalline product (2.6 gm.) melted at 70°; this was assumed to be an 
alcoholate. After recrystallization from ethyl acetate-petroleum ether, 
the melting point was 141°. 


CoiH210;N; (395.4). Calculated, N 10.6; found, N 10.3 
[alp = —33.4° (2.5% in absolute ethanol) 


The corresponding L compound‘ melts at 142° (8), and has [a]? = 
+33.5° (2.5 per cent in ethanol). 


SUMMARY 


1. Carbobenzoxy-p.L-tryptophan has been resolved by the action of 
cysteine-papain in the presence of aniline. The anilide of the L isomer 
separated in crystalline form. From the filtrate carbobenzoxy-p-trypto- 
phan was obtained which was then converted to p-tryptophan. Peptide 
derivatives of p-tryptophan were prepared. 

2. Carboxypeptidase has no hydrolytic action on carbobenzoxyglycy!- 
p-tryptophan or carbobenzoxy-p-tryptophylglycine. 
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THE EFFECT OF THYROID ACTIVITY ON CERTAIN 
ANABOLIC PROCESSES STUDIED WITH 
THE AID OF DEUTERIUM* 
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(From the Department of Biochemistry, College of Physicians and Surgeons, 
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In the study of the metabolic defects of hypo- and hyperthyroidism» 
great stress has been placed upon the alterations of the total metabolic 
rate, as measured by gaseous exchange, which in turn represents the 
summation of many simultaneous processes, among which the catabolic 
ones predominate. The isotope technique has provided a convenient 
method for the estimation of the rates at which certain tissue constituents 
are being synthesized and deposited in the intact animal body. By re- 
placement of a portion of the body water by deuterium oxide and ob- 
servation of the rates at which stably bound deuterium appeared in tissue 
fatty acids (1), cholesterol (2), and glycogen (3), it has been possible to 
estimate the rates of synthesis of these several tissue constituents under 
various circumstances. It was considered of interest to apply this tech- 
nique to the study of the anabolic rates of various tissue constituents of 
experimental animals at different levels of thyroid activity. 

To this end, a group of rats was rendered thyrotoxic by the addition 
to their diet of desiccated thyroid gland.! Hypothyroidism was pro- 
duced in a second series of rats by the administration of thiouracil (4);? 
and a third group of rats, receiving no medication, served as controls. 
Immature rats were selected as experimental animals in view of their 
favorable and relatively rapid response to thiouracil (4). 


EXPERIMENTAL 


Animals and Diet—Immature female rats of the Sherman strain were 
used throughout. At the age of 22 days, rats were placed in metabolism 
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cages, two rats per cage, and divided into three groups, litter mate cop- 
trols being used as far as possible. The basal diet comprised 60 parts 
of corn starch, 22 parts of casein, and 6 parts each of yeast powder, rough- 
age (Celluration), and salt mixture (5). Initially four rats were em- 
ployed for the determination of each experimental point in each of the 
three groups, but as the mortality rate among the animals receiving 
thyroid substance was high, supplementary rats were added to furnish 
sufficient material. A total of 82 rats was employed in the entire ex. 
periment. Food and water were allowed ad libitum and the quantity 
consumed was estimated daily. Weekly supplements of vitamin A and 
D concentrate were administered to all rats, and additional small sup- 
plements of cod liver oil and linseed oil were given from time to time 
to those rats receiving thyroid gland. 

The first group of rats served as normal controls. To the drinking 
water of the animals of the second group was added 0.1 per cent of 
thiouracil. The thiouracil consumed increased from an initial value of 
about 5 mg. to about 10 mg. per rat per day at the end of the experiment. 
With the diet of the third group was admixed 1 per cent of desiccated 
thyroid powder. Except for retarded growth (cf. Fig. 1), no untoward 
symptoms were noted among the animals receiving thiouracil. After 
about 2 weeks the rats fed thyroid gland exhibited all the expected signs 
of toxicity: hyperactivity, tremor, tachycardia, and cachexia. The mor- 
tality in this group was 47 per cent and the animals which were ‘sub- 
jected to autopsy showed marked congestion of all internal organs. The 
weight curve of this group is distinctly subnormal (cf. Fig. 1). The aver- 
age daily food consumption of the three groups during the last week of 
life was 12 gm. for the normal rats, 12 gm. for the rats receiving thiour- 
acil, and 22 gm. per 100 gm. of body weight per day for the rats receiv- 
ing thyroid substance. 

All thyroid glands were studied grossly and histologically. The glands 
from those animals which had received thiouracil were grossly enlarged, 
hyperemic, firm, and readily separable from the tracheas. Histologi- 
cally, the epithelium lining the follicles was hyperplastic and _hy- 
pertrophic, and there was great loss of colloid and invagination of the 
lumen of the follicles. The thyroid glands from the rats which had been 
fed thyroid substance were much smaller than normal, pale, and not 
firm. In many cases they were distinguishable with difficulty from 
surrounding tissues, even under the dissecting microscope. Histologi- 
cally, the epithelium lining the follicles was flattened and, in many areas, 
atrophied; the follicles were small and filled with dense colloid. No 
difficulty was encountered in classifying the microscope slides according 
to the treatment which the animals had received during life. The histe 
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logical results were confirmed by Dr. H. C. Stoerck and Dr. D. G. Wor- 
cester of the Department of Pathology, College of Physicians and Surgeons. 

Deuterium Oxide Administration—Subgroups of at least four animals 
each, from each of the three groups, were given D.O for periods of 4, 1, 
2,4, and 8 days. The initiation of the isotope regimen was so adjusted 
that all experiments were terminated on the 45th day of life. At the 
appropriate time, each rat received a subcutaneous injection of 1 ml. 
per 100 gm. of body weight of 99.5 per cent D.O containing 0.9 per cent 
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Fig. 1. Growth curve of animals. The average weights of the total number of ani- 
mals within each group are plotted against age throughout the period of medication. 
The hollow blocks (right corner) represent the duration of the isotope regimens. 


NaCl. From this time on, drinking water was replaced by 1.7 per cent 
D,0, and this solution was also used to moisten the food. This pro- 
cedure served to establish and maintain D.O concentrations of 1.1 to 
1.2 per cent in the body water of the animals. 

At exactly 45 days of age, each rat was killed by the intraperitoneal 
injection of nembutal. 

Isolations and Analyses—The tissues from the animals of each sub- 
group were pooled for analysis. Livers were rapidly removed, weighed, 
and ground with sand in a volume of cold 10 per cent trichloroacetic 
acid approximating the weight of the tissue. This mixture was filtered 
by suction and the solid residue extracted twice again with cold 5 per 
cent trichloroacetic acid. From the combined filtrates glycogen was 
immediately precipitated by the addition of ethanol to a final concen- 
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tration of 60 per cent (6). Purification of the glycogen was effected 
by successive reprecipitations with ethanol, once from 15 per cent KOH 
solution, and twice from water. The white product was washed by 
centrifugation with increasing concentrations of ethanol and then acetone, 
was air-dried, and finally dried in vacuo over P2Os. 

The residue from the trichloroacetic acid extractions was further ex- 
tracted by boiling successively with 95 per cent ethanol, ethanol-ether 
mixture (3:1), and twice with ether. The ether was evaporated from 
the combined lipide extract and the remaining ethanolic solution made 
alkaline by the addition of 5 per cent of solid KOH. The solution was 
boiled under a reflux for 3 to 4 hours, diluted with an equal volume of 
water, and the non-saponifiable portion exhaustively extracted with 
petroleum ether. From a solution of the non-saponifiable fraction in 
80 per cent ethanol, sterol digitonides were precipitated and isolated. 

The aqueous-ethanolic solution of saponifiable products was acidified 
to Congo red paper, and the liberated fatty acids were extracted with 
petroleum ether. The combined petroleum ether solution of fatty acids 
was washed with water, dried over Na2SQ,, evaporated to dryness, and 
the residue dried in vacuo over P.O; and paraffin. 

The residual liver tissue which remained after the foregoing extrac- 
tions was dried overnight at 90°, ground thoroughly with the sand with 
which it was contaminated, and aliquot portions taken for micro-Kjeldahl 
nitrogen determinations. This insoluble fraction has been designated 
“liver protein,” and its quantity estimated from the nitrogen determination. 

The eviscerated carcasses of the rats from each subgroup were ground 
and digested in hot aqueous 30 per cent KOH, the volume of the reagent 
approximating the mass of tissue. The alkaline digest was filtered 
through glass wool and glycogen was precipitated from the filtrate by 
the addition of 1.2 volumes of ethanol. The glycogen was collected 
by sedimentation and centrifugation and was purified by successive 
precipitations with ethanol, once from 10 per cent aqueous trichloro- 
acetic acid, and twice from water. 

The isolations of carcass sterols and carcass fatty acids were conducted 
on a weighed aliquot portion of the aqueous-ethanolic alkaline supernatant 
solution from which glycogen had been precipitated. The steps were 
similar to those described above in the treatment of liver. 

The pooled hearts, lungs, spleens, and kidneys from each subgroup were 
used for the isolation of a sample of body water (7). The segment of 
trachea to which the thyroid gland adhered was removed from each 
animal, and the thyroid gland was subsequently freed of adjacent tissues 
under the dissecting microscope. The gland was fixed in Bouin’s soll 
tion, imbedded in paraffin, sectioned, and stained with hematoxylin and 
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eosin. The elapsed time between the killing of the animal and the dis- 
position of the carcass was 5 to 6 minutes. All deuterium analyses were 
carried out by the falling drop technique (8). 


DISCUSSION 


That the animals receiving thyroid substance exhibited the expected 
toxic response was shown by the development of the symptoms of thyro- 
toxicosis, the high mortality, and the inhibition of gain in weight despite 
polyphagia (9). Whereas the normal rats, during the last 12 days of the 
experiment, gained an average of 0.33 gm. in weight per gm. of food eaten, 


TaBLeE I 
Carcass and Liver Weights; Deuterium Content of Body Water 
































Normal Thiouracil Thyroid 
Duration Car- ee ] al a ok ie | “— lc | Liv 
a of iver | Bog o. of |Carcass | Liver | No. of |Carcass | Liver od 
animals |weight | Perthy | HHO | mais | perdat | poreat | #20 | ma | persue | ponent | Hil 
J ; atoms | atoms | atoms 
per per | per 
days gm. gm. cent gm. gm. cent | gm. gm. cent 
excess excess | | excess 
D D | | D 
} 4 108 | 4.88 | 1.16) 4 105 | 4.86 | 1.22) 4 88 | 7.03 | 1.22 
1 4 127 | 5.46] 1.17) 4 109 | 5.61 | 1.19) 2 5.28 | 1.21 
2 4 111 | 5.24] 1.21] 4 80 | 3.92 | 1.17) 3 81 §.23 | 1.11 
4 4 120 | 5.06 | 1.09) 8 90 | 4.13 | 1.16; 6 5.55 | 1.16 
8 4 106 | 5.19 | 1.18) 6 100 | 4.40 | 1.18 4 86 6.57 | 1.14 
Weighted av- 
erage. ....... 114 | 5.16 96 | 4.50 83 | 6.00 


























the rats receiving thyroid gland gained only 0.14 gm. The complete 
absence of glycogen from the livers of the animals receiving thyroid 
gland was a uniform observation in the present series and is in accord 
with numerous reports of this effect of thyroid intoxication (10). Rela- 
tive, as well as absolute, hepatomegaly was noted (Table I); liver weight 
per 100 gm. of body weight averaged 4.53 gm. for the normal animals, 
and 7.23 gm. for the rats receiving thyroid gland, a finding which has 
previously been described (11). The grossly evident cachexia was re- 
flected in the analytically determined diminution in the quantity of 
depot fat; the rats receiving thyroid gland contained almost 25 per cent 
less depot fat per 100 gm. of body weight than did the normal control 
ries. The histological changes observed in the thyroid glands of these 


animals were in accord with the expected response to thyroid admin- 
istration (12, 13). 
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The evidence that thiouracil had exerted its inhibitory effect in our an. 
imals rests largely upon the gross and histological appearance of the thy- 
roid gland itself, which was identical with the descriptions in the lit. 
erature (14, 15). The correlation between this appearance of the gland 
and lowered metabolic rate has been demonstrated by others (16, 17), 
The moderate retardation of growth in response to thiouracil (cf. Fig. 
1) was also in accord with the reports of others (14, 15). No signifi. 
cant deviation from normal food intake was noted. 

Glycogen—No trace of glycogen was recovered from the livers of any 
of the rats receiving thyroid gland. The deuterium concentrations jp 
the successive samples of liver glycogen obtained from the normal and 
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Fic. 2. Deuterium concentrations in liver glycogen samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


thiouracil-treated rats varied widely (cf. Fig. 2), a finding which has 
been previously observed (3). 

Comparison of the deuterium concentrations in the samples of carcass 
glycogen from the normal and the thiouracil-treated rats (Fig. 3) reveals 
no striking differences. On the other hand, point for point, the samples 
of carcass glycogen from the rats receiving thyroid gland were richer in 
deuterium than those from the other two groups. The three factors 
which determine the rate of increase in deuterium of a tissue constituent 
in such an experiment are the amount synthesized each day, the amount 
of preexisting non-isotopic tissue constituent with which this is diluted, 
and the actual isotope concentration in the newly synthesized product. 
This last quantity may be evaluated experimentally by estimation of 
the asymptotic value which the isotope concentrations appear to be 
approaching. From Fig. 3 it would appear that this asymptote lies in 
the neighborhood of 35 to 40 atoms per cent D for the glycogen in the 
thyroid-treated animals, and at 15 to 20 atoms per cent D for the glyco 
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gen in the other two groups. This suggests that when thyroid sub- 
stance was fed, approximately twice as much stably bound hydrogen 
in the newly synthesized glycogen had arisen from the body water as 
was the case in the other two groups. Similar observations of variation 
in the value of the asymptote, referred to aS imax., have been made in 
diabetic (18) and in thiamine-deficient (19) animals, and alsoin animals 
fed lactate in place of glucose (20). Im each of these cases, imax. Was 
higher than in the normal control. 

Fatty Acids—The rises in deuterium concentration observed in the 
fatty acids both of liver and of carcass show certain common character- 
istics (cf. Figs. 4 and 5). In every case the thyroid-fed animals gave 
samples richer in deuterium than did those of the other two groups. From 
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Fig. 3. Deuterium concentrations in carcass glycogen samples. The deuterium 


concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


an inspection of the curves it appears that in the thyroid-fed animals 
the isotope concentrations approach a maximal value of about 45 to 50 
atoms per cent D. On the other hand, in the cases of the normal con- 
trols and thiouracil-treated animals, an imax. of about 35 atoms per cent 
D is approached. Estimation of the half life times in the case of the 
liver fatty acids leads to a value of about 1 day when thyroid was ad- 
ministered, and about 14 days for the normal and thiouracil-treated 
groups. As expected, the fatty acids of the carcasses in each group of 
animals approached the same maximal isotope concentrations as those 
of the livers, but at a lower rate. In the case of the carcass fatty acids, 
half the maximal isotope concentration is reached in about 2} days under 
thyroid administration and in about 4} days in the other two groups. 
With use of these figures together with the quantities of depot fatty acids 
recovered from each of the three groups of animals (Table II), it has 
been estimated that 1.2, 1.1, and 1.0 gm. of depot fatty acids per rat 
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were replaced daily by newly synthesized fatty acids in the normal, the 
hypothyroid, and the thyrotoxic animals, respectively. 

The more rapid rise in deuterium concentration of the fatty acids of the 
carcasses of the rats receiving thyroid substance is thus ascribable to the 
higher value of tmax. and the paucity of depot fat. The diminutions ip 
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Fig. 4. Deuterium concentrations in liver fatty acid samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 
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Fic. 5. Deuterium concentrations in carcass fatty acid samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


the quantity of depot fat which followed the administration of thyroid 
gland, in spite of a virtually normal rate of deposition of newly synthesized 
fatty acids, must therefore be attributed to accelerated degradation of 
body fat. This is in contrast to the mechanism of diminution in the 
quantity of body fat observed in diabetes (19), undernutrition, and thiamine 
deficiency (20). In all of these cases, a striking diminution in the rate d 
lipogenesis was observed. 
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Sterols—Whereas the level of blood cholesterol, both in man (21) and 
in experimental animals (22), is known to be influenced by the activity 
of the thyroid gland, no significant variations in the quantities of sterol 
recovered from the livers and carcasses of the three groups of animals 
here studied were noted (Table II). Consideration of the concentra- 
tions of deuterium found in the sterol digitonides of the livers of the 


TABLE II 


Average Weights of Tissue Constituents 
Liver constituents are reported as per cent of wet liver weight, carcass constit- 
uents as per cent of total body weight. 


























Normal Thiouracil Thyroid 
percent | percont =| per-cont 
TPT OTTTORE PTET 3.26 3.90 0.00 
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Carcass sterol digitonides.................. 0.48 0.51 0.57 
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Fie. 6. Deuterium concentrations in liver sterol digitonide samples. The deu- 
terium concentrations, expressed as percentage of deuterium in body water, have 
been plotted against duration, in days, of the deuterium oxide regimen. 


three groups of rats reveals the same tendency that has previously been 
noted in the other tissue constituents (Fig. 6). The isotope concentra- 
tions in the materials from the rats receiving thyroid gland are higher than 
normal, while the thiouracil-treated rats appear to give slightly -lower 
values. However, the quantitative differences here are not as striking 
%& with the glycogen and fatty acids. The curves for the liver sterols 
proper, corrected for the presence of digitonin (23), appear to approach 











828 EFFECT OF THYROID ACTIVITY 


maximal values between 45 and 60 atoms per cent D. A half life of 3 tp 
4 days is here estimated. 

In view of the relatively long half life of carcass sterols (2), the low 
deuterium analyses obtained on the carcass sterol digitonides are not 
surprising. The resultant higher per cent analytical error would in part 
account for the wide scattering of these points (Fig. 7), which precludes 
any satisfactory interpretation. 





Liver “Protein” —The isotope concentrations of the liver protein frae. 


tions are plotted in Fig. 8. It is recognized that the protein mixture 
analyzed is far from homogeneous and that the processes leading to the 
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Fic. 7. Deuterium concentrations in carcass sterol digitonide samples. The 
deuterium concentrations, expressed as percentage of deuterium in body water, have 
been plotted against duration, in days, of the deuterium oxide regimen. 


biological incorporation of deuterium into the protein molecule are nv- 
merous and cannot at present be exactly described. Among these an im- 
portant one probably is the introduction into the proteins of deuterio 
amino acids which have been synthesized in a medium of heavy water; 
and in so far as this is true, the rise in deuterium concentration of the 
liver protein should bear some relationship to the rate of protein synthesis. 
Study of Fig. 8 reveals a tendency toward higher isotope concentrations 
in the liver proteins of the thyroid-fed animals, when compared with the 
other two groups. The thiouracil-fed animals do not deviate signif- 
cantly from the normal. Here again the differences are not marked 
enough to allow a quantitative comparison. Under these experimental 
conditions an timex. of between 20 and 25 atoms per cent D appears to be 
approached. From these figures the half life of the process which we are 
measuring would be 2 to 3 days. 


——————— 
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Summary of Results—Certain generalizations may be drawn from the 
results described. In virtually every case in which the data were sus- 
ceptible of analysis, the compounds isolated from the rats receiving thyroid 
gland were richer in deuterium than the corresponding compounds iso- 
lated from the normal animals. In certain cases, the compounds isolated 
from the thiouracil-fed rats contained less isotope than did the corre- 
sponding compounds from the normal animals. In several cases it was 
possible to estimate the isotope concentration, tmax., which would be 
approached in infinite time, and in each of these cases, the value was 
above normal when thyroid was fed. These differences accounted, in 
large part, for the differences in the rates of incorporation of deuterium 
into the various compounds studied. 
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Fig. 8. Deuterium concentrations in liver “protein” samples. The deuterium 
concentrations, expressed as percentage of deuterium in body water, have been 
plotted against duration, in days, of the deuterium oxide regimen. 


The implication of this finding is that, of the hydrogen stably bound in 
newly synthesized fatty acid and glycogen, a fraction larger than normal 
arises from the body water when thyroid gland is administered. A simi- 
lar tendency seems to exist in the case of sterols and protein. This would 
suggest that the pool of smaller molecules which serve as common pre- 
cursors in the biosynthesis of all these larger molecules is richer than normal 
in deuterium in hyperthyroid states. Such a situation could arise if 
a larger proportion of the fundamental building blocks were derived from 
the breakdown of isotopic body constituents than from the non-isotopic 
diet. This assumption is in agreement with the well known increase 
in gaseous metabolism and nitrogen excretion in hyperthyroid states. 
The thiouracil-treated group of animals did not differ sufficiently from 
normal to allow conclusions to be drawn as to the hypothyroid state. 
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SUMMARY 





The rates of incorporation of deuterium from the body water jnto 
the glycogen, fatty acids, and sterols of liver and carcass, as well as into 
the protein of liver, have been studied in immature rats. Normal rats. 
rats fed thiouracil, and rats fed thyroid gland have been compared, | | Bre 

The rate of rise in deuterium concentration of each constituent was | ( 
greater than normal when thyroid substance was fed. A possible inter. 
pretation of these findings is given. 

In contrast to other situations in which diminution in the quantity of | ae 
body fat has been studied, the cachexia of hyperthyroidism has beep four 
found not to be accompanied by an interference with fatty acid synthesis, by 
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STUDIES ON THE CYCLOPHORASE SYSTEM 
VII. p-ASPARTIC OXIDASE 


By J. L. STILL,* MARY V. BUELL, W. EUGENE KNOX, ann D. E. GREEN 
(From the Institute for Enzyme Research, University of Wisconsin, Madison) 


(Received for publication, February 15, 1949) 


The present communication deals with the properties of an oxidase 
found in rabbit kidney and liver which specifically catalyzes the oxidation 
by molecular oxygen of D-aspartic acid to oxalacetic acid. This oxidase 
was discovered in the cyclophorase preparation at the 3rd residue stage, 
but subsequent study revealed that the bulk of the enzyme is not asso- 
ciated with the particulate elements and can be found in high concentra- 
tion in the supernatant fluid obtained by centrifuging the first homogenate. 


Results 


Specificity of Enzyme—The soluble oxidase prepared as described in the 
experimental section catalyzes the oxidation of p-aspartate and to a much 
lesser degree that of p-glutamate but not that of L-aspartate or oxal- 
acetate (cf. Table I). The same preparation has little if any effect on 
p-methionine, p-phenylalanine, pi-alanine, pi-leucine, pL-a-aminobutyric 
acid, pL-ornithine, pD-histidine, pL-tryptophan, or pL-a-aminophenylacetic 
acid. 

Effect of Ethyl Alcohol—When the oxidation of D-aspartate is carried 
out in the presence of ethyl alcohol, the rate of oxygen uptake is about 
doubled (cf. Fig. 1). Analysis of the reaction mixture disclosed that the 
reaction has proceeded according to the following equations (cf. Table II): 


(1) Aspartate + O. —— oxalacetate + H.O. + NH; 


HO, + alcohol _ Catalase. acetaldehyde 
(3) Oxalacetate —-—> pyruvate + CO, 


Keilin and Hartree (1) have shown that this alcohol effect is specific for 
oxidase systems which form HO: in the presence of catalase. Oxal- 
acetate is decomposed so readily by a carboxylase present in the extract 
that it can be demonstrated almost exclusively in the form of pyruvic acid. 

Coenzyme Requirement—No soluble coenzyme has been found to be 
required for the activity of the p-aspartic oxidase. The nature of the 


prosthetic group which is apparently firmly linked to the protein has yet 
to be established. 


* Rockefeller Travelling Fellow on leave from the University of Sydney. 
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Non-Identity with Krebs p-Amino Acid Oxidase—Apart from the fae 
that the preparation of the p-aspartic oxidase has little if any action op 
other p-amino acids, there is the additional evidence that benzoate, which 
according to Klein and Kamin (2) completely inhibits the p-aming 
acid oxidase of Krebs in 0.003 m concentration, has no effect on the p. 
aspartic oxidase (cf. Table III). ‘The residual p-amino acid oxidase ae. 
tivity present in the enzyme extract was, however, completely inhibited, 


TABLE | 
Specificity of p-Aspartic Oxidase 





| Ammonia production 


eg 


Substrate (50 pat) Oxygen uptake 





microatoms pM 
OT ae TOE ORES Ee CTE TO ee | 5.2 5.2 
A: fai sth eects an evn Ae Se nene vind lens 93.5 46.0 
5 ea calc a's g's dares Cbd we NG | 24.9 13.4 
SR 2 al os cane 9 &, srca-s. 0S A 6.0 4.8 
| EEE re eee oa 4.8 





Each cup contained 1 cc. of the enzyme solution, 0.5 ec. of 0.1 M phosphate buffer | 


of pH 7.3, 0.4 ce. of 4 per cent ethyl alcohol. Final volume 3 cc. Alkali in center 











well. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 
TABLE II 
Products of Reaction 
| 
s } . ; 
meagegete) Guzen, | Amant |Onleaate | tyme | oo | w+ | wag 
| | NH; (3) (2) 
(1) | (2) (3) } (4) (5) 
uM | aM pM | -— | wo | 
100 35.8 37.7 | 4.8 | 28.8 0.95 0.89 | 0.9 











The experimental vessels contained 1.5 cc. of enzyme, 0.5 cc. of 0.1 m phosphate | 


buffer of pH 7.3 and 0.4 cc. of 4 per cent ethyl alcohol. Duplicate vessels were 
pooled for analyses. All the values are corrected for the blank without added sub 
strate. Time of experiment, 70 minutes. 


Oxidation of p-Aspartate in Cyclophorase System—A significant amount 
of p-aspartic oxidase activity is found associated with the particulate 
elements of kidney or liver cyclophorase at the 3rd residue stage. Here 
again, there is no action on the natural isomer, L-aspartate. Approx: 
mately 1 mole of ammonia is liberated for each atom of oxygen absorbed 
by the cyclophorase system in the presence of pL-aspartate (cf. Table IV). 
When the oxidation of aspartate is allowed to proceed in the presence d 
some member of the citric acid cycle, the ratio atoms of oxygen absorbel 
to the moles of NH; liberated exceeds a value of 1 and under appropriate 
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Fie. 1. Effect of ethyl alcohol on rate of oxidation of p-aspartate by p-aspartic 
oxidase. The complete system contained 1.0 ce. of enzyme solution, 0.5 cc. of 0.1 
u phosphate buffer of pH 7.3, 0.5 cc. of 0.2 m pL-aspartate, 0.4 cc. of 4 per cent ethyl 
alcohol, alkali in the center well (0.2 cc.), and water to make up to a final volume of 
3 ce. Oxygen in the gas space. Curve I, minus substrate and alcohol; Curve II, 
minus alcohol; Curve III, minus substrate; Curve IV, complete system. 

















TABLE [II 
Insensitivity of p-Aspartic Oxidase to Benzoate 
With benzoate | Without benzoate by benzoate, 
Addition (50 ust) aa ea based on 
Oxygen | Ammonia | on posnenae | ammonia 
uptake | production | uptake | production | values 
| microatoms | uM | mi microatoms | uM | per cent 
rere er ee wo a Ye 
D-Aspartate................. | 91.0 | 45.9 | 93.5 | Ps i | : 
d-Glutamate................. | 26.0 | 12.0 | 24.9 | o - 
Myibionine..........6.....) 0 6.7 | be bo 8.2 | 3 | 100 





Each cup contained 1 cc. of the enzyme solution, 0.5 ce. of 0. 1s M phosphate buffer 
of pH 7.3, 0.4 cc. of 4 per cent ethyl alcohol. Final volume 3 cc. Alkali in center 
well. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 
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conditions attains a value of 6, which corresponds to the complete oxids. 
tion of aspartate to carbon dioxide, ammonia, and water according to the 
following equation (cf. Table V). 


TABLE IV 


Oxidation of p-Aspartate in Kidney Cyclophorase System without 
Additions of Components 











| : 
Addition | Oreen uptake | Ammotisproiue | 
} (corrected for 
re) (1) | (2) — 
microatoms | uM ae 
EA Per te a Es Aer | pe | | 1.42 
pL-Aspartate (60 wM).............. | 21.2 13.35 1.19 
pu-Methionine (60 uM).............| 8.8 3.97 0.6 
pu-Phenylalanine (60 uM)..........| 8.8 | 3.22 1.0 
Benzoate (0.003 M)...............5. 5.6 | 2.4 | 
pL-Aspartate + benzoate..........| 20.0 13.4 | 1.28 











Each manometer cup contained 1 cc. of kidney cyclophorase system at the 3rd 
residue stage, 0.5 cc. of 0.1 m phosphate buffer of pH 7.3, and the additions as indicated 
above. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 


TABLE V 


Complete Oxidation of p-Aspartate in Kidney Cyclophorase System 











Additions Oxygen uptake | ee: ed a 
(corrected for 
2. au 0 Se eas eee 
microatoms pM 
1. a-Ketoglutarate (5 uM).......... 64.4 | 4.35 
“ + pL-aspartate | 
a es Cowan bas «hoes 91.5 9.21 5.6 
2. a-Ketoglutarate (5 uM)..........| 62.4 | 5.48 
= + DL-aspartate | | 
I oo re enat esis esas ei « | 85.3 | 9.26 6.1 





Each manometer cup contained 1 cc. of kidney enzyme at the 3rd residue stage, 
0.5 ec. of 0.1 m phosphate buffer of pH 7.2, 0.3 ec. of 0.01 m adenylie acid, 0.2 ec. of 
0.02 m magnesium chloride, and 0.3 cc. of 0.33 m fluoride. Oxygen in gas phase; 
38°. Time of experiment, 70 minutes. 


(4) Aspartate + 60 — 4CO, + NH; + 2H20 


Effect of Washing Cyclophorase Gel—On successive washings, the amoult 
of p-aspartic oxidase in the cyclophorase gel is gradually reduced (¢. 
Table VI). Thus at the 6th residue stage there is found only about hal 
the activity as at the 3rd residue stage, and in turn at the 3rd residue stage 
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there is correspondingly less than at the Ist residue stage. Much the 
same applies to the small amounts of Krebs’ p-amino acid oxidase found 
in the cyclophorase preparation. In this respect these two oxidases are 
unique among the other oxidases of the cyclophorase system which are not 
extractable by indefinite amounts of washing of the gel. 


TaBLe VI 
Extraction of p-Aspartic Oxidase from Kidney Cyclophorase Gel 
The results are expressed as microliters of oxygen per 70 minutes. 
R:K ReK 
p-Aspartic oxidase activity 158 70 
pi-Methionine activity. 0 0 


The oxygen uptakes are corrected for the blanks. Each manometer cup con- 
tained 1 ec. of kidney cyclophorase system at the 3rd (RsK) and 6th (RsK) residue 
stage respectively, 0.5 cc. of 0.1 m phosphate buffer of pH 7.3, and the additions 
as indicated above. Oxygen in gas phase; 38°. Time of experiment, 70 minutes. 


TABLE VII 


Aerobic Amination of Oxralacetate 





: Final | . 
= Final - 7 | A a- 
Additions Pr a A ammonia — | ph oemnneny 
uM uM uM a 
Oxalacetate (85 um) + ammonia (20 um) 15.6 6.6 11.4 | 6.6 
13.6 8.6 13.7° ° 'Yres8 
As above except ammonia added at end of | 22.2 4 


experiment 


Each manometer vessel contained 1 cc. of R;K, 0.3 cc. of 0.01 m adenylic acid, 0.3 
cc. of 0.1 m phosphate buffer of pH 7.2, 0.1 cc. of 0.02 m magnesium chloride, and 
0.05 cc. of 0.1 m a-ketoglutarate. Time of experiment, 80 minutes. Oxygen in 
gas phase; 38°. : 


Aerobic Amination of Oxalacetate—When oxalacetate is allowed to un- 
dergo oxidation in the kidney cyclophorase system in the presence of am- 
monia and a catalytic amount of a-ketoglutarate, there is observed (1) dis- 
appearance of ammonia and (2) the appearance of a corresponding amount 
of a-amino nitrogen (cf. Table VII). Since the substance formed in this 
reaction is not glutamate, it seems reasonable to assume that p-aspartate 
is formed according to the equation 


(5) 3 Oxalacetate + NH; ated aspartate + citrate + CO: 


Under the conditions of the experiment citrate will undergo further oxi- 
dation to carbon dioxide and water. As long as there is excess of oxal- 
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acetate and ammonia, aspartate will continue to accumulate. In another 
communication it will be shown that an analogous aerobic synthesis of 
glutamate ensues in the presence of excess a-ketoglutarate and ammonia, 
In this instance L-glutamate can be identified by a specific method. 

Oxidation of t-Aspartate—Many experiments have been carried out to 
determine whether or not L-aspartate can be oxidized in the cyclophorage 
system, but all have been consistently negative despite the fact that there 
is present some glutamic-aspartic transaminase which theoretically should 
permit the oxidation of L-aspartate to proceed in the presence of a-keto. 
glutarate. It must be concluded that this transaminase does not operate 
efficiently at the low levels of a-ketoglutarate which exist during the opera- 
tion of the citric acid cycle. 





a 


EXPERIMENTAL 


Preparation of Enzyme—Rabbit kidney homogenate, prepared as de- 
scribed by Green ef al. (3), is centrifuged in the cold. The supernatant 
fluid is brought to pH 5.4 by addition of acetic acid, and the precipitate 
is removed and discarded. The supernatant fluid is neutralized to pH 
7.0 and mixed with 6 volumes of cold acetone. The precipitate is washed 
with acetone and dried in air. The enzyme can be extracted from the 
acetone powder with 10 parts of water or 0.1 m phosphate buffer of pH | 
7.2. The insoluble residue does not retain any of the activity. Such 
extracts are stable for an indefinite period when kept frozen at —20° 

Methods—Ammonia was estimated by microtitration after distillation 
from tungstic acid filtrates in a Markham distillation apparatus (4). Oxal- 
acetic and pyruvic acids were estimated by the method of Straub (5), 
and a-amino nitrogen by the method of Moore and Stein (6). Glutamic 


‘ 


acid was estimated by means of a specific bacterial carboxylase (7). 





This investigation was aided by a grant from the Commonwealth Fund. | 
We are indebted to Mrs. Betty Noyce for her assistance with some of the | 
early experiments, to Dr. Jesse Greenstein for a sample of p-glutamic acid, 
and to Dr. R. H. Burris for dried preparations of glutamic decarboxylase. 


SUMMARY i 


A soluble p-aspartic oxidase has been obtained from rabbit kidney and | 
liver which catalyzes the aerobic oxidation of aspartate to oxalacetate 
and NH;. Hydrogen peroxide is formed in the reaction. In cyclophorase 
preparations containing the p-aspartic oxidase, D-aspartate undergoes Coll 
plete oxidation to carbon dioxide and ammonia. 
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THE UTILIZATION OF ACETATE FOR THE SYNTHESIS OF 
FATTY ACIDS, CHOLESTEROL, AND PROTOPORPHYRIN* 


By L. PONTICORVO, D. RITTENBERG, anp KONRAD BLOCHf 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, January 19, 1949) 


We have previously shown that acetic acid is used in the rat and mouse 
for the synthesis of fatty acids (1), cholesterol (2), and hemin (3). Since 
these experiments were all of relatively short duration, it was not possible 
to do more than to estimate roughly the fractions of these substances 
which were derived from acetic acid. We have, therefore, carried out 
experiments in which sodium deuterioacetate was administered to growing 
rats for a period sufficiently long to insure that the isotope concentration 
of the fatty acids, cholesterol, and hemin will have attained a maximum 
value. The data give a lower limit for the fraction of each of these com- 
pounds derived from acetic acid. For the fatty acids and cholesterol 
these fractions are 0.20 and 0.45 respectively. Approximately these values 
have been obtained by Anker (4). 


EXPERIMENTAL 


Sodium deuterioacetate was prepared by the method previously described 
(3). It contained 25.0 atom per cent excess deuterium. Five rats, each 
weighing about 28 gm., were kept in separate metabolism cages and given 
weighed amounts of the following diet: 740 gm. of cerelose, 200 gm. of 
casein, 20 gm. of celluration, and 40 gm. of the Sure salts (5) (1000 gm. 
total). This diet contained 30 mg. of ether-extractable material per kilo. 

To each kilo of the above diet were added the following factors: 300 mg. 
of p-aminobenzoic acid, 1 gm. of inositol, 100 mg. of nicotinamide, 2 mg. 
of thiamine, 4 mg. of pyridoxine, 2 mg. of vitamin K, 10 mg. of calcium 
pantothenate, 4 mg. of riboflavin, and 20 mg. of a-tocopherol. 

Each rat received 1 drop of oleum percomorphum weekly. 

Sodium deuterioacetate was added to the diet at a level of 1 mm. of 
sodium deuterioacetate per 100 gm. of body weight per day throughout 
the experimental period. 

Pooled urine samples were collected and analyzed for deuterium at 
approximately 10 day intervals. 26 days after the start of the experiment 


* This work was supported by a grant from the Nutrition Foundation, Inc. 


ia. Present address, Department of Biochemistry, University of Chicago, Chicago, 
inois, 
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the deuterium concentration in the urine attained a value of 0.035 atom 
per cent excess. For the remaining 132 days of this experiment the average 
of the deuterium concentration of the urine, determined at 10 day inter. 
vals, was 0.032 atom per cent excess. 


43rd day, Rat 3 on the 68th day, Rat 4 on the 102nd day, and Rat 5 op 
the 158th day. Fatty acids and cholesterol digitonide were isolated from 
the rat livers and hemin from blood by the usual procedures. On the 
156th and 157th days of the experiment 150 mg. of 8-phenyl-DL-a-amino- 
butyric acid were added to the diet of Rat 5. Phenyl-L-acetamido. 
butyric acid was isolated from the urine. It contained 0.266 atom per 


TaBLzE I 
Deuterium Concentration 









































Weigh Li 
Rat N se Nae Weight at Lenat of ees Semi Body | Carcass 
sy of death ee a water | fatty acid 
experiment iia Fatty acids | Cholesterol | 
sm sm. Ware | SE ccmose | cenb ainane Leoneteianrs cent acenss| amaaa 
1 28 90 29 0.119 0.276 0.098 | 0.031 | 0.070 
2 27 148 43 0.073 0.258 0.137 | 0.027 | 0.058 
3 28 182 68 0.069 0.234 0.267 | 0.024 | 0.060 
4 28 198 102 0.080 0.282 0.428 | 0.031 | 0.072 
5 30 260 158 0.070 0.240 0.428 | 0.031 | 0.081 
PS Ba sce cdbatsnvitieneiies 0.082 0.258 | 0.068 








cent deuterium excess. The isotope concentration in the acetyl group, 
therefore, was 1.33 atom per cent excess. The various experimental values 
are given in Table I. 


DISCUSSION 


As the lipide content of the diet was negligibly small, all the isolated 
lipides of the liver either were present in this tissue at the start of the 
experiment or had been synthesized during the experimental period. 
During the early period of the experiment the rats were growing rapidly, 
and presumably were increasing the total quantity of liver lipides. The 
turnover time for the total fatty acids being about 9 days (6), most of the 
fatty acids, in any case, must have been replaced by newly synthesize 
fatty acids. The data for the liver as well as the carcass fatty acids it 
dicate that the maximum value was attained early in the experimental 
period. The average isotope concentration in the liver fatty acids was 


0.082 + 0.014 atom per cent excess, while that in the carcass fatty acids | 
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was 0.068 + 0.007. These values are in fair agreement. In order to 
calculate what fraction of the liver fatty acids are derived from acetate, 
it is necessary to know the isotope concentration of the acetate available 
to the cell for synthetic purposes. We have previously shown (3) that 


| dietary acetate is considerably diluted by acetate formed in the inter- 


mediary metabolism. When, as was the case in this experiment, 1 mole 
of sodium acetate is administered in the diet per day per 100 gm. of body 
weight, this acetate is diluted by a factor of 20. Since the administered 
deuterioacetate contained 25.0 atom per cent excess deuterium, the mixture 
of endogenous and exogenous acetate available for synthetic reactions must 


| have been 1.25 atom per cent excess. In confirmation of this the acetyl 


group of acetylphenylaminobutyric acid excreted on the 156th and 157th 
days of the experiment contained 1.33 atom per cent excess deuterium. 
Nearly the same dilution factor is found after 156 days feeding of deuterio- 
acetate as in a 3 day experiment. The maximum isotope concentration 
which could be expected in the fatty acids, even if acetate were the sole 
precursor of the fatty acids, could be only half that of the available acetate 
(1.33 atom per cent excess) or 0.67 atom per cent excess. The reason is 
that the acetyl group CH;CO is reduced to a —CH,CH,— group. At 
most one-half of the hydrogen atoms of the latter structure is derived 
from the acetate; the remainder comes from the water of the medium. 
The isotope concentration found in the liver fatty acids is but 0.082 atom 
per cent excess or 12 per cent of that calculated on the assumption that 
acetate is the sole precursor of the fatty acids. This value is a minimum 
one, since deuterium might have been lost in the chemical reactions which 
intervene between the acetate and the higher fatty acids. Indeed when 
we previously fed acetate labeled with C™ in the carboxyl group and D 
in the methyl group to mice (1), the C™ data indicated that about one- 
fourth of the fatty acids was synthesized from acetate, while the deuterium 
data yield a lower value, one-sixth. If the same reactions are involved in 
the synthesis of fatty acids in the rat as in the mouse, the same loss of 
deuterium in the course of the synthesis should occur. On this assump- 
tion, at least one-fifth of the carbon atoms of the fatty acids synthesized 
in the rat is derived from acetate. This value of necessity is too low, since 
some of the unsaturated acids are not synthesized by the rat. 

Similar considerations apply to the liver cholesterol. The value found 
for the five rats cluster about an average value of 0.258 atom per cent 
excess. Clearly in each animal the liver cholesterol has been completely 
regenerated during the experimental period. Since the oxygen of the —CO 
group of the acetate would here be replaced by the hydrogen of the body 
fluids, we would also expect that the isotope concentration in the choles- 
terol, if it were entirely formed by the condensation of acetic acid, would 
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be about 0.6 atom per cent excess. The actual value found suggests that 


about 45 per cent of the carbon atoms of cholesterol is derived from acetic | 


acid. This value is in agreement with the estimate we have previously 
made in experiments with mice. , 

For both the fatty acids and cholesterol we have neglected the cop. 
tribution to their deuterium content made by the deuterium present jp 
the body fluids. During the major portion of the experimental period 
the isotope concentration in the body fluids averaged 0.032 atom per cent 
excess. Its contribution to the isotope concentration of these lipides 
could not have been greater than 0.016 atom per cent excess (7). Graphic 
representation of the isotope concentrations in the hemin indicates that 
it reached a maximum value at about the 100th day. At this time all the 
porphyrin originally present in the hemoglobin of the rats had been con- 
pletely replaced by newly synthesized porphyrin. The life span of the 
red cell of the rat must, therefore, be close to 100 days, a value strikingly 
similar to that found in the dog (8) and in man (9). 

Because the porphyrin rings proper do not contain carbon-bound hy- 
drogen, all the deuterium atoms must be either in the side chains or attached 
to the methine carbon bridges. Of these hydrogen atoms about one-third 


(0.428 to 1.33) must be derived from the methyl group of acetic acid, | 


It is not possible at present to make any further deductions. 


SUMMARY 


Growing rats were kept on a lipide-free diet to which was added | mm 
of sodium deuterioacetate per 100 gm. of weight per day. ‘The isotope 
concentrations in the fatty acids and cholesterol indicate that 20 and 45 
per cent respectively of the carbon atoms of these compounds are derived 
from acetate. About one-third of the hydrogen atoms of hemin is derived 
from the hydrogen atoms of the methyl group of the acetic acid. 

The life span of the erythrocyte of the rat appears to be approximately 
100 days. 
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THE METABOLISM OF ACETONE BY SURVIVING 
RAT LIVER* 
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(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, and the New York State 
Psychiatric Institute, New York) 


(Received for publication, February 7, 1949) 


Acetone has long been considered an end-product of fat metabolism. 
Attempts to ascertain whether it is further metabolized in the organism 
have been inconclusive (1, 2). In a search for precursors of cholesterol 
other than acetate, we have tested acetone and have found that rat liver 
slices, incubated with deuterioacetone, yield deuteriocholesterol. 


EXPERIMENTAL 


Deuterioacetone—In a typical preparation 10 cc. of acetone were added 
to a solution of 100 mg. of potassium carbonate in 25 cc. of 60.5 per cent 
D,O. The solution was refluxed for 6 hours and was then fractionated 
through a Vigreux column. The fraction boiling at 56-57° was dried over 
anhydrous copper sulfate. Its deuterium content was 48.3 atom per cent 
excess. 

Deuterioacetate—Sodium deuterioacetate was prepared as described pre- 
viously (3). 

Incubation Experiments—The incubations were carried out as described 
previously (4). Livers from Wistar strain rats weighing close to 150 gm. 
were used throughout the experiments. A Krebs flask was charged with 
30 ec. of Krebs’ phosphate buffer, liver slices, and oxygen. The acetone 
was then introduced and the flask sealed. 

After incubation for 3 hours, cholesterol was isolated as the digitonide 
by the usual procedure, and was analyzed for its deuterium content. The 
deuterium concentration in the cholesterol was obtained by multiplying the 


deuterium concentration of the digitonide by 3. The results are given in 
Table I. 


DISCUSSION 


These experiments establish that in the rat liver a mechanism exists for 
the utilization of acetone for the biosynthesis of cholesterol. Acetone ap- 
parently is not as effective a precursor as acetate, but an absolute compari- 

* This work was supported with the aid of grants from the Nutrition Foundation, 


Inc. and from the American Cancer Society, recommended by the Committee on 
Growth of the National Research Council. 
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son is difficult for several reasons: The relative rates of diffusion into the 
cells, the toxicities, and the stability of the carbon-deuterium bond differ 
in the two metabolites. However, it is clear that acetone can be used for 
cholesterol synthesis. 

Acetone might be utilized for the synthesis of cholesterol either by 
incorporation of the molecule in toto or after conversion to some other me- 
tabolite. That acetone is, at least partially, converted to acetate is sug- 


TABLE I 
Cholesterol Synthesis from Deuterioacetone in Rat Liver Slices 


Experiments having the same ordinal numbers were carried out with slices from 
the same livers. 


























| 


Acetone addition Acetate addition | Cholesterol 
Experiment No. . : iain 
por mongol Ceaterjum com, | Atom per cent 
per cent excess per cent excess | a 
mg. mg. 

la 158 29.6 0 | 0.144 
Ib 158 29.6 0 0.144 
IIa 158 48.3 0 | 0.204 
IIb 158 48.3 0 | 0.201 
IIIa 0 100 57.4 0.417 
IIIb | 158 48.3 0 | 0.180 
IVa | 0 50 57.4 | 0.702 
IVb | 94 0.0 50 57.4 | 0.441 
Va 47 48.3 0 | 0.321 
Vb 47 48.3 0 | 0.312 
Ve 63 48.3 126 0.0 | =Q..006 
Vd | 63 48.3 * 0.306 
Via 47 48.3 0 0.165 
VIb 51 48.3 | 32t 0.0 0.042 
Vic | 55 48.3 63t 0.0 0.030 
Vid 63 48.3 | 126f 0.0 0.024 





* Isotonic saline containing 90 mg. of NaCl was added. 
+ Sufficient water was added to make the sodium acetate isotonic. 


gested by the diminished incorporation of deuterium into cholesterol whet 


normal acetate is added to the system together with deuterioacetone (Table | 


I). Investigations now in progress in this laboratory demonstrate the con- 
version of acetone to acetate: When labeled acetone is administered to 
rats together with e-amino-y-phenylbutyric acid, the acetylamino acid et- 
creted is labeled.! On the other hand a direct incorporation of the entire 
acetone carbon chain is not excluded. That the lowering of the isotope | 
concentration in the cholesterol when deuterioacetone and normal acetate | 


1 Unpublished data of D. Price. 
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are incubated is a specific effect of acetate and not of the sodium ion is 
evidenced by the absence of an inhibition of the synthesis of deuterio- 
cholesterol after addition of sodium chloride (see Experiment Vd). 


SUMMARY 


1. Deuteriocholesterol is formed on incubating surviving rat liver slices 
with deuterioacetone, establishing that this tissue can metabolize acetone. 
2. At least part of the acetone is oxidized to acetate. 


We are indebted to Miss Laura Ponticorvo for her able assistance during 
the course of this work. 
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METABOLISM OF t-ASPARTIC ACID* 


By HSIEN WU anp D. RITTENBERG 


(From the Department of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, February 7, 1949) 


Aspartic acid, like glutamic acid, occupies a central position in amino 
acid metabolism. In most tissues it takes part in the transamination 
reaction (1). In the liver and the kidney, where all amino acids undergo 
deamination, the rate of this process for aspartic acid is second only to 
glutamic acid (2). For these reasons, one would expect the exchange of 
amino nitrogen of aspartic acid with the nitrogen of the metabolic pool 
to be more rapid than in the case of other amino acids. This is indeed 
true, as the present experiment with isotopic L-aspartic acid shows. 


EXPERIMENTAL 


Preparation of u-Aspartic Acid Containing N*—.-Aspartic acid con- 
taining N' was prepared by the action of Escherichia coli on fumarie acid 
and ammonia containing N'. Quastel and Woolf (3) have shown that 
E. coli catalyzes the reversible reaction, fumarate + NH; @ L-aspartic 
acid, 

E. coli was grown on 2 per cent agar in ten Roux bottles. The agar 
medium contained 2 per cent of Bacto-tryptone and 0.5 per cent each of 
glucose, sodium chloride, and concentrated yeast extract. The 2 day 
culture of E. coli was separated from the agar by gentle rocking with 
normal saline, filtered through gauze, centrifuged, washed, and made up 
to 200 ml. with normal saline. 

15 gm. of fumaric acid were suspended in water, neutralized with sodium 
hydroxide, and the solution made up to 130 ml. 4 gm. of ammonium 
chloride, containing 31.8 atom per cent excess of N", were added, followed 
by 100 ml. of Clark and Lubs 0.05 m phosphate buffer at pH 7.4, 25 ml. 
of E. coli suspension, and 20 ml. of toluene. The mixture was placed in 
a suction flask, which was evacuated and filled with nitrogen. The flask 
was placed in an incubator at 37°. The ammonia content of the mixture 
fell in 24 hours to 19.2 per cent and in 48 hours to 18 per cent of the original. 
Apparently, an equilibrium between fumaric acid and ammonia on the one 
hand and aspartic acid on the other was reached in 2 days under the con- 
ditions of the experiment. 


*This work was supported in part by a grant from the American Cancer Society, 
recommended by the Committee on Growth of the National Research Council. 
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After 2 days the mixture was boiled, centrifuged, and the precipitate 


washed with hot water. 60 ml. of saturated copper sulfate solution were ’ 
added and the mixture was placed in an ice box overnight. The coppe | e 
aspartate crystals were washed with a little cold water, suspended in 609 | , 
ml. of hot water, and decomposed with hydrogen sulfide. The filtrate 
was evaporated to about 150 ml. and 2 volumes of 95 per cent alcohol were = 
added. After standing overnight, the aspartic acid crystals were filtered 7 
off, washed with alcohol, and finally with ether. Yield, 6 gm. ec 
The nitrogen of the aspartic acid thus prepared contained 31.3 atom per i 
cent excess N™ corresponding to an atomic weight of 14.32. The theo. yee 
retical nitrogen content of this aspartic acid (mol. wt. 133.4) is 10.72 per ye 
cent; found, 10.86 per cent. “4 
Rat Feeding—Three male rats weighing between 240 and 290 gm. each | 
_ a jm ll ‘ unt! 
were placed on a stock diet containing starch 71, casein 15, yeast 5, Os 
borne-Mendel salt mixture 4 (4), Wesson oil 3, and cod liver oil 2 per cent, 
After 3 days, 0.3 gm. of isotopic aspartic acid and 0.2 gm. of sodium bi- 
carbonate were given to each rat daily for 3 days. The aspartic acidand 
bicarbonate were mixed with 8 to 12 gm. of the stock diet, which was made  — 
into a dough with a little water. ‘ 
4S 


The food was all eaten by the rats. Feces and urine were collected 
daily. The combined weights of the rats were 786 gm. before, and 73) | pq 
gm. after the isotopic feeding. « 

Preparation of Material for Analysis—24 hours after the last isotopie | — 
feeding, the rats were killed by exsanguination under ether anesthesia. up i 
Blood was removed from the heart, some saline being used for washing, | gg 
and mixed with some oxalate. Stomach and intestines were removed | wo 
and washed free from their contents. Other internal organs, liver, spleen, | 4g 
kidney, testes, lungs, etc., were removed and treated together. The lipo 


bodies were skinned, leaving the muscles and bones and brain as cal | 
cass. The four fractions, namely stomach-intestine, other internal or | [The 
gans, skin, and carcass, were worked up separately. con 

Blood—The blood with saline washing was centrifuged. Part of the wit} 
cells was used for the preparation of hemin. The cells were laked with 8 


water and mixed in a Waring blendor, centrifuged, and dropped slowly into _ fo 
3 volumes of glacial acetic acid at 97° containing some sodium chloride. | The 
The mixture was heated on a water bath for an hour. The hemin crystal {op 
were separated by centrifuging, washed twice with 50 per cent acetit ita 
acid, twice with water, twice with 95 per cent alcohol, and once withethe!. | the 


itate was filtered off and washed with 5 per cent trichloroacetic acid. to} 


The N*® concentration of hemin was determined. | tota 
The plasma, containing some saline, was treated with 3 volumes of watel | tro, 
and 2 volumes of 10 per cent trichloroacetic acid. The protein precip | (tot 
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The total nitrogen and the N* content of the cells, the plasma protein 
precipitate, and the plasma filtrate were determined in the usual manner. 
The results are shown in Table I. 

Tissues—Stomach-intestine, internal organs, and carcass were sepa- 
rately ground in a meat grinder and homogenized in a Waring blendor. 
Skin was cut into small pieces with scissors. Each group of tissues was 
treated with 6 volumes of 95 per cent alcohol. After 3 days, the mixture 
was filtered on a Bichner funnel and the tissue suspended again in a 
fresh portion of alcohol. After three changes of alcohol, the tissues were 
treated similarly twice with ether. The defatted tissues were dried in 
air and used for isolation and analysis, as described below. 

The combined alcohol and ether extracts were concentrated in vacuo 
until most of the alcohol had been removed. The residue was taken 


TaBLe I 
Distribution of Isotopes in Blood 








| N concentration | Total nitrogen | Total N15 
| Glom per cent excess m.eq. | re m.eq. 
Plasma non-protein N............. 0.830 | 0.57 | 0.005 
os rar wa 0.598 | 7.85 0.047 
Red cells, protein.................. 0.086 46.4 0.040 
NP MEINE Sis 56.5 5 iiss a dreleaia’s 0.038 | 





up in chloroform plus water and the mixture was shaken and then allowed 
to separate. The total nitrogen and N* concentration of the two layers 
were determined separately. The nitrogen in the aqueous layer was taken 
as non-protein nitrogen, while that in the chloroform layer was taken as 
lipoid nitrogen. 

From the aqueous layer, some colorless crystals deposited on standing. 
These were identified as creatine hydrate by crystalline form and nitrogen 
content (28.0 per cent). The substance was recrystallized from water 
with the addition of alcohol and used for N® determination. 

Stomach-Intestine—The entire stomach-intestine preparation was used 
for the extraction of nucleic acid by the method of Hammarsten (5). 
The yield was about 90 mg. from 5 gm. of dried tissue. It was analyzed 
for N“, Part of the nucleic acid was hydrolyzed and the purine precip- 
itated by the method of Graff and Maculla (6). The precipitate and 
the filtrate, which should contain the pyrimidines, were analyzed for 
total nitrogen and N. From 21.2 mg. of nucleic acid, 1.79 mg. of ni- 
trogen in purine precipitate and 1.17 mg. of nitrogen in purine filtrate 
(total 2.96 mg. of nitrogen) were obtained. The ratio of purine nitrogen 
to pyrimidine nitrogen is about 3:2, but the total nitrogen (14 per cent) 
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is lower than that (18.5 per cent) calculated for desoxyribonucleic agiq 
(CopHs1NisP402s). 
The protein remaining after the extraction of nucleic acid was washed 





with hot 5 per cent trichloroacetic acid until free from sulfate and ammonia, | 


The washed residue was dried and used for nitrogen and N* determinations, 
Internal Organs, Carcass, and Skin—The dried tissues were hydrolyzed 
with hydrochloric acid in the usual manner and the nitrogen and Ns 


contents determined. The hydrolysates were treated with cuprous oxide | 


according to the suggestion of Bailey et al. (7). 

Tyrosine crystals separated from all the hydrolysates and were filtered 
off and recrystallized. From the filtrates of internal organs and carcass. 
aspartic acid and glutamic acid were precipitated as barium salts. Aspar- 
tic acid was isolated as copper salt and the glutamic acid as hydrochloride 
in the usual manner. Lysine was isolated from the carcass hydrolysate 
as benzoyllysine by the method of Kurtz (8). Arginine was isolated 
from the internal organs and skin as monoflavianate. This was decom. 
posed with concentrated hydrochloric acid, the liberated flavianic acid was 
filtered off, and the filtrate was diluted with water, boiled with norit to 
remove the last trace of flavianic acid. The filtrate was evaporated to 
dryness in vacuo. The residue was taken up in alcohol and an excess of 


pyridine added. Arginine monochloride crystallized on standing. This | 


was recrystallized by dissolving in a little water and adding alcohol toa 
concentration of 80 per cent. 


The amidine and ornithine nitrogen in arginine were determined sepa- | 


rately by the method of Barnes and Schoenheimer (9). Arginine mono- 
chloride (17.3 mg.) from the internal organs was dissolved in a baryta 
solution (containing 5 gm. of Ba(OH).-8H.O in 30 m. of water), boiled 
gently under a reflux, and the liberated ammonia blown by a stream of 
nitrogen into a known amount of standard acid. After 21 hours, the 
acid solution was titrated and the N" determined. The baryta solution 
was treated with an excess of sulfuric acid, filtered, washed, and the filtrate 
analyzed for total nitrogen and N"*. The result of nitrogen determina 


tions was as follows: amidine nitrogen 2.20 mg. and ornithine nitrogen | 


2.36 mg. (total nitrogen 4.56), which amounts to 26.3 per cent; theoretical, 


26.8 per cent. The experiment with skin arginine gave similar results | 


A nucleic acid extract of the internal organs was prepared by Schneider's 
method (10) and analyzed for N. The hydrolysate of the carcass was 
analyzed for amide nitrogen. 

The results of N* analysis of the tissue components are shown iB 
Table II. 

Urine and Feces—The combined feces were ground, digested with con 
centrated sulfuric acid, and made up to 200 ml. Aliquot portions were 
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taken for total nitrogen and N® determinations. About nine-tenths of 
the combined urine plus washing was used for the isolation of allantoin 
by the method of Shaffer and Greenbaum (11). The allantoin was re- 
erystallized from hot water and analyzed for N*. 


TABLE II 


Distribution of Isotopes in Organ Components; Concentration in Atom Per Cent Excess 


| 














wee | eee | tem | cance: | tt 
a ——— _ — _ — eee 

Non-protein N. 0.359 
Lipoid N 0.134 | 
Protein N 0.541* | 0.379 | 0.121 | 0.109 
Amide N.... 0.125 | 
Creatine... noon 0.062 
Tyrosine. . 0.155 0.044 | 0.034 
Aspartic acid 0.618 0.175 | 
Glutamic ‘ é Pals 0.753 0.258 
Lysine..... 0.008 
NE SSisccaks f hiss G+ BO2 oa 0.534 | 0.078 
Amidine... 0.595 0.072 
Ornithine ; 0.480 | 0.085 
Nucleic acid (Schneider) 0.226 | 

a6 ‘« (Hammarsten). 0.785 
ly, cise he Seca ead | 0.706 | | 

Ne ok oxdvalieokiae | 0.628 

* Exclusive of nucleic acid. 

TABLE III 
Distribution of Isotopes in Excreta 
| N18 concentration | Total N Total N 

_— - atom per cent snntee i mM .eq. m.eq. 
Feces 0.440 22.4 0.10 
Urine... 2.19 125.5 2.76 
ies Sessa ve 2.13 111.4 
Ammonia........ sl 1.25 2.5 
ReeatOImn............ 0.275 


cueonerhies | 





With the remainder of the urine, total nitrogen, urea nitrogen, am- 
monia nitrogen, and the corresponding N™ contents were determined. 
The results are shown in Table III. 


DISCUSSION 


Recovery of Isotope—During the feeding period the rats consumed 2700 
mg. of aspartic acid containing 6.34 m.eq. of N¥. About 90 per cent of 











852 METABOLISM OF L-ASPARTIC ACID 


the isotope was accounted for in the fractions analyzed (Table IV). The 
remaining 10 per cent must be lost in the gastrointestinal content which 
was washed away. 

It will be noted that 43.4 per cent of the isotope was excreted and 45.5 
per cent retained in the animal body. Of this 45.5 per cent, 39.4 per 
cent was in the proteins, while only 6.1 per cent was in non-protein and 
lipoid constituents. 

Urinary Ammonia and Urea—The relative concentrations of N*® in 
urinary ammonia and urea after feeding an isotopic nitrogenous substance 
depend not only upon the nature of the substance but also upon the rate 
of feeding and the interval of time during which the urine is collected, 




















TaBLe IV 
Distribution of Isotopes in Excreta and Animal Body 
Total N in fraction | Per cent recovery 
™.eq. m.eq. 
See oavas Cahn Soe ane eels 0.10 1.6 
i AI sidan dale Pes sae dene 2.76 43.4 
eer ere 0.35 5.5) 
PS ot eer 0.04 0.6} 45.5 
Total protein N.................5. | 2.50 39.4) 
| SE rr we rrr ry fa 0.040 | 
a Eee eee re ees co 0.047 | 
Stomach-intestine................. | 0.292 | 
PD OI onic daikenis cis cuwae 0.378 | 
EE ee ee ee | 1.200 | 
ae Be aI Sree ae a | 0.542 
po. ee ee | 5.75 90.5 
Unaccounted for..............-| 0.60 9.5 





After a single feeding of an isotopic amino acid with N® in the a-amino 
group, there is a period when its concentration in blood is greater than that 
in the tissues because it must enter the blood before it can reach the tissues. 
Since urinary ammonia can be formed in the kidney directly from amino 
acid brought to it by the blood, the rate of this ammonia formation must 
depend upon the concentration of the amino acid in the blood. Urea 
formation, on the contrary, will depend upon the concentration of the 
amino acid in the liver. If this view is correct, the isotope concentra 
tion of the ammonia formed shortly after feeding should be greater than 
that of the urea; the ratio, N® concentration in NH; to N® concentration 
in urea, should be high. This is shown by human experiments! in which 


1 To be reported in a later paper. 
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urine samples were collected at short intervals after a single feeding of 
aspartic acid. 

As more and more of the isotopic amino acid enters the liver and other 
tissues, two chief reactions can occur: (1) transamination and (2) oxi- 
dative deamination and subsequent urea formation. The isotopic amino 
acid formed by transamination and the original amino acid fed pass back 
and forth between the body proteins and the metabolic pool as equilib- 
rium conditions may require. In the liver, both original and trans- 
aminated isotopic amino acids can yield their nitrogen for urea formation. 
In the kidneys, both can form ammonia. The ratio, N™ concentration 
in NH; to N* concentration in urea, in the urine collected 3 to 12 hours 
after a single feeding will depend primarily upon the relative rates of the 
redistribution of the amino group of the fed amino acid among the other 
amino acids and of urea formation. Under uniform conditions, this ratio 
should be characteristic of the amino acid fed. 

With continuous feeding, as in the present experiment with rats, the 
total isotopic substance enters the blood in smaller amounts over a longer 
period of time than in the case of single feeding. Consequently, ammonia 
formation in the kidneys from the isotopic amino acid fed will be sustained, 
and the ratio, N* concentration in NH; to N® concentration in urea, for 
the total urine over the entire feeding period will be higher than in the 
case of single feeding. 

When the isotopic substance is mixed with food to which the rats have 
constant access, difference in habit of feeding may conceivably cause some | 
variations in the ratio, N concentration in NH; to N® concentration 
in urea, in different experiments. Nevertheless, the results obtained un- 
der uniform conditions should be comparable. 

The ratio, N* concentration in NH; to N™ concentration in urea, for 
aspartic acid in the present experiment is 0.59. Previous experiments 
with other natural amino acids with N® in the a-amino group have given 
values of 1.60 for L-leucine (12), 1.08 for L-lysine (13), and 0.96 to 1.2 for 
glycine (14, 15). For racemic amino acids, the values are much higher 
(16,17). For ammonium citrate, the ratio of 0.38 has been reported (18). 

As a source of urinary ammonia and urea, L-aspartic acid behaves like 
ammonia and unlike other natural amino acids so far studied in this labora- 
tory. This finding suggests that the amino group of L-aspartic acid is 
more rapidly removed to form urea than its deamination to form am- 
monia in the kidneys, either directly or through glutamine (19). 

Whether the amino group is actually first deaminated to give ammonia 
which then forms urea, or whether it gives rise directly to urea, it is im- 
possible to decide at present. It is interesting to note in this connection 
that a mechanism exists for the direct formation of urea from aspartic acid. 
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Ratner (20) has prepared a soluble enzyme system from beef liver which 
catalyzes the formation of arginine from citrulline, aspartic acid, and 


L-phosphoglyceric acid. If this is an important mechanism for the forma. | 
tion of urea in the intact rat, a high isotope concentration in the ureg | 
relative to the ammonia might be expected. | fe 
Distribution of Isotope in Proteins—The general pattern of distribution 4, 
of. N** in various organ proteins after feeding isotopic aspartic acid js 
about the same as after feeding with other amino acids (see Table IV). | le 
These concentrations reflect the rate of turnover of the proteins of the | og 


various organs. 
Distribution of Isotope in Protein Components—As in previous experi- 


ments in this laboratory with labeled amino acids, the N*™ concentra. a 
tion in any component follows the same order as the N* concentration 

in the total protein of various organs. Thus, the N concentrations of ra 
tyrosine isolated from internal organs, carcass, and skin are 0.155, 0.044, m 
and 0.034 atom per cent excess respectively, while the corresponding con- | 
centrations for the total proteins are 0.379, 0.121, and 0.109 respectively. L 

In previous experiments in this laboratory, the protein component that 
had the highest N™ concentration was the amino acid fed. Glutamic = 
acid usually came next, followed by aspartic acid. In the present ex- | ss 
periment glutamic acid had the highest concentration of N™, although | 
aspartic acid was the amino acid fed. This is similar to the finding after | 
feeding isotopic ammonia (21, 22) and is in harmony with the hypothesis ’ 
that the amino group of aspartic acid behaves like ammonia. 

The high N"™ content of amidine nitrogen of arginine from internal 2. 
organs is to be expected in view of the part arginine plays in the urea forma- 3. 
tion in the liver. Whereas in the internal organs, which include the liver, 4. 
the amidine nitrogen had a higher N* concentration than the total pro- : 
tein, this is not true for the skin, which is not a site of urea formation. | 7. 

The negligible N“ content of lysine is to be expected, as this amino acid, 
considered as an essential amino acid in nutrition, cannot be synthesized 8. 
in the body. bi 

The high concentration of N’ in nucleic acid of stomach-intestin | 
suggests that it has a high rate of turnover. This is noteworthy, especially | 1g, 
as the N'® concentration of nucleic acid of stomach-intestine is higher | 13. 


than that of the total protein, while in the other internal organs the | ™. 


reverse is the case. This point, however, requires further investigation. ‘. 


The nucleic acid of internal organs has about the same N" concentl® | 9 
tion as the allantoin in the urine. This is to be expected, as the allantoi | 17, 
is derived from the purines. | 

The low N* contents of creatine and hemin found in the present & 
periment are in general agreement with previous findings (23, 24) after 
feeding ammonia or other amino acids. 


18, 
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SUMMARY 


1. t-Aspartic acid was synthesized from fumaric acid and ammonia 
containing N* in the presence of Escherichia coli. 

2. The isotopic aspartic acid was added to the stock diet of three rats 
for 3 days. Only 1.6 per cent of the N® was excreted in the feces and 
43.4 per cent in the urine, and 45.5 per cent was retained in the body. 

3. The concentration of N™ was the highest in the plasma proteins, and 
least in the red cell protein, with stomach-intestine, internal organs, 
carcass, and skin occupying the intermediate positions. 

4. The N* content of urinary ammonia was lower than that of urea. 

5. The N*® concentration of aspartic acid was lower than that of glutamic 
acid isolated from the same organs. 

6. These last two findings together suggest that aspartic acid is so 
rapidly deaminated that its amino group behaves metabolically like am- 
monia. 


We are indebted to Mr. I. Sucher for the N™ determinations, to Miss 
Laura Ponticorvo and Miss Martha Masako Yamasaki for technical 
assistance, and to Dr. D. Shemin and Dr. G. L. Foster for their kindly 
interest and helpful suggestions. 
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It has been demonstrated through electron microscopy and x-ray diffrac- 
tion that there are present, in certain protein fibrils, structural perio- 
dicities having dimensions up to several hundred angstrom units. Ex- 
amples are collagen (1-3), paramyosin (4, 5), the trichocysts of Paramecium 
(6, 7), and fibrin (8). The application of phosphotungstic acid (4) and 
other heavy metal compounds greatly enhances the visibility of the struc- 
tures in electron micrographs and often makes structural variations ap- 
parent which are not perceptible in the unstained fibrils. It has not been 
established definitely whether staining involves a selective chemical re- 
action. However, since metal shadowing reveals in most cases that the 
fibril surface is corrugated with the high points corresponding to the highly 
staining region, it seems probable that stain deposits according to the 

} local concentration of protein. The regions which stain more lightly, 

appearing as slight depressions on shadow-casting, probably represent por- 

tions which have shrunk during drying. Little, if anything, is known 
concerning the genesis of these macro periods or the reason for their occur- 

rence in protein fibers. The investigation to be described was aimed at a 

clarification of these phenomena and is confined to fibrin and the pre- 

cursor, fibrinogen. 


Microscope Techniques 


} All micrographs were made with an RCA type B microscope which has 
a self-biased gun, compensated lens (9), no physical objective aperture, 
and is operated at 65,000 volts accelerating potential. Although space 
does not permit a discussion of the physical aspects of electron microscopy, 
it is pertinent to note that concurrent studies were made of the structure 
of specimen supports, the structure of metals used for shadow-casting 
(10), afoeal imaging phenomena, and the effects of lens asymmetries on 
the image. If, for example, the objective lens is astigmatic, images may 
exhibit spurious asymmetries, giving the false impression of fibrosity in 
the object. As an aid to interpretation and the recognition of possible 
image defects, through focus series were recorded. Uranium, platinum, 

| and nickel have a suitably fine structure for shadow-casting when deposited 

in thin enough layers. Uranium gives excellent results in estimated thick- 
hesses of 3 to 6 A in the plane of the film. Nickel has a remarkably fine 
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structure (11, 12) and is useful in thicknesses of less than 10 A. Shadow 
angles were 3:1 or 4:1. 


Observations on Fibrin 


Specimens of bovine fibrin for electron microscopy were prepared in the 





following manner: Bovine Fraction I (Armour) and thrombin (Seegers! 


640 units per mg.) were dissolved separately in 0.9 per cent NaCl buffered 
to about pH 6.5 with KH,PQO, buffer solution. Concentrations of Fra. 
tion I (including citrate) in solution varied from 0.5 to 2 mg. per cc., while 
concentrations of thrombin were of the order of 10 units per ce. Portions 
of the two solutions, frequently of the order of 1:1, were thoroughly mixed 
in a test-tube and a drop was placed immediately on a standard specimen 
screen with collodion or SiO supporting film. The development of the clot 


in the test-tube can be followed by eye. After varying times (30 seconds | 


and up) according to the experiment, the excess solution was washed from 


the specimen screen with salt solution, stained with phospho-12-tungstic ' 


acid, washed with twice distilled water, and dried. The concentration oj 
phospho-12-tungstic acid (Anachemia, Ltd., Montreal) was usually 0.1 per 
cent and sometimes 1 per cent. Usually it was unbuffered, but in some 
experiments the pH was raised to about 5.4 with potassium acid phthalate 


buffer. In one experiment, sodium citrate buffer was used (pH 6.5) and, 


in others, the clot was formed in unbuffered 1 per cent NaCl, pH 5.8. 
The electron microscope observations of stained fibrils from bovine fibrin 
clots confirm the observations of Hawn and Porter (8) on the existence and 


approximate dimensions of the axial macro period. Measurements of over | 


200 fibrils from several preparations yield an average of 227 A. All meas- 
urements in the group were between 190 and 270 A with over 80 per cent 
in the range 210 to 240 A. The spacings along individual fibrils are re 
markably constant (to the order of 2 or 3 per cent) compared to variations 
between separate fibrils. Variations as high as 20 per cent of the mean 
were observed between fibrils in a single specimen. No explanation can be 
given for the variation from one fibril to another or for the sometimes sig- 
nificant variations in average spacing from one preparation to another. 
Since the fibrils were formed on the specimen screen, tensions due to manip- 
ulation were kept to a minimum. Tensions caused by drying might bes 
factor, but since the fibrils were well supported and the supporting film 
did not break, it does not seem likely that random variations of the order 
of 20 per cent could be accounted for in this way. It is clear, however, 
that the structure is not rigid. 


1The author is indebted to Dr. Walter H. Seegers, Wayne University, Michig), 
for the sample of thrombin used in this work. 
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adow As shown in Fig. 1, the axial macro period consists of a series of highly 

staining and sharply delimited bands, designated A, which are about 70 A 

| wide and are separated by a region of lower scattering power about 160 A 

| wide. In addition to the structure previously reported, there is a finer 

n the stained band (designated as B in Fig. 1), about 30 A wide, mid-way between 
gers! | the prominent bands. 


ffered Fibrin fibrils clotted from a sample of highly purified human fibrinogen? 
Frae- (Fig. 2) show a stained structure which is indistinguishable from that ob- 
while served in fibrin from bovine Fraction I. The average axial spacing from 


rtions anumber of plates was 214 A, which is in the range of values found for the 


mixed bovine material. 


cimen When the image quality is favorable, substructure is visible within the 
ie clot stained bands, giving the fibrils, ultimately, a particulate appearance which 
conds | may be discernible in the micrograph in Fig. 2. The particles are of the 
1 from order of 50 A and less in diameter and are not well resolved. In such 
ngstie | preparations there is always a background of finer fibrin fibrils of indistinct 
‘ion of structure approaching in dimensions the resolution limit (or to be more 
).1 per precise, the visibility limit) of the microscope. These finer fibrils are about 
| some 200 A and less in diameter and do not possess the characteristic striated 
halate | appearance. Similarly, the striation gradually dissolves into a more or 
)) and, less randomly particulate structure toward tapered ends where the width 
8 ' jsabout 200 A and less. It is concluded that the absence of well defined 


2 fibrin striations under these circumstances is not due to a lack of resolution, but 
ce and represents an actual disorder in the structure. The effect may be seen in 
of over | Fig. 2 where the fibril parted from the bundle toward the lower right is 
| meas- not clearly striated. Local regions of stain concentration are visible which 
er cent tend to form a vague striation in a few places, but the structure is dis- 
are Ie- ordered compared to that in the thick bundle. The sharpness of the stained 
‘jations ) bands increases noticeably with fibril width. Also apparent in Fig. 2 is 
e meat | the tendency of striations to align between adjacent fibrils in a bundle, as 
canbe | was noted by Hawn and Porter (8). Throughout the present investiga- 
nes sig tion, this coincidence was observed with such high frequency and with 
nother. such high precision that it is deemed significant. The effect seems to indi- 
manip- cate the presence, at some stage during fiber formation, of lateral attrac- 
‘ht bea | tive forces which are at an optimum when there is lateral coincidence of 
ig film like bands. 
1e order Some specimens containing well formed fibrils such as those shown in 
owevel, | Figs. 1 and 2 were shadow-cast. The observations show that the stained 
| regions, both A and B bands, represent slight elevations. 


Michigan, *The sample, kindly provided by Dr. J. T. Edsall of the Harvard Medical School, 
} wasfrom Run 183, Fraction I-2A and was 94 per cent clottable when prepared in 1945. 
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Observations on Fibrinogen 


Specimens from bovine Fraction I and human fibrinogen were prepared 
by placing a drop of the material in 1 per cent NaCl on a collodion or Sj 
film and drawing off the excess by touching a piece of filter paper to the 
edge of the screen. In some experiments, a fixative such as formalin or 
phosphotungstic acid was applied before drying and, in others, the speci- 
men was allowed to dry without fixation. In any case, the final treatment 
was a wash in twice distilled water to remove salt and citrate, after which 
the specimens were shadow-cast along with control films. The variations 
in these procedures seemed not to produce any marked differences in the 
observed structure of the protein layer adhering to the film. The concen. 
tration of the sample was varied over a wide range, from about 2 mg. per 
ec. down to about 0.001 mg. per cc. The original intention was to secure 


a distribution of isolated particles over the surface of the film, but diff. | 


culty was encountered in securing this condition, because the protein tends 


to deposit in clumps. Also, the necessary dilution factor is so great that 


the effect of impurities in reagents and water becomes a consideration. 
Furthermore, although the film structure is relatively fine, it does compli- 
cate the interpretation. Consequently, specimens made with very high 
dilution factors were not such as to invite confidence. On the other hand, 
specimens made from concentrations which resulted in a covered supporting 
film leave something to be desired, because the fibrinogen particles are 
intermingled. With the latter condition, however, it can be concluded with 
some confidence that the observed structure is mainly due to the protein 
deposited from the original sample and the problem is to resolve the ele- 
ments from the mass. 

In the shadowing procedure, control films were placed beside the fibrino- 
gen preparations. Fig. 3 shows a small, typical portion of an electron 
micrograph made from bovine Fraction I. There is a rather confusing 
aggregation of particles among which numerous filamentous elements may 
be distinguished. In Fig. 4 are shown micrographs of a collodion contrdl 
film (a) which had been washed with twice distilled water and a micro 
graph of a specimen made from the sample of human fibrinogen ()). The 
control film exhibits a structure which is about the coarsest of any recorded; 
yet there is no mistaking the difference between it and the fibrinogen sam- 
ple. The fibrinogen completely covers the film and although it consists 
of a somewhat confusing aggregation, it may be seen to contain filamentous 
elements similar to those from the bovine Fraction I shown in Fig. 3. 

In Fig. 5, b is shown a thick layer from bovine Fraction I shadowed very 
lightly with nickel in order to present the fine detail within the filaments 
to better advantage than is the case in either Figs. 3 or 4. Filamentous 
elements may be distinguished, but they are seen to be non-uniform i 
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thickness, appearing somewhat like a string of beads. This type of struc- 
ture is characteristic of high resolution micrographs of fibrinogen prepara- 
tions when they have been shadowed with a suitably thin layer of metal. 
It is concluded that the nodose structure of fibrinogen filaments as indi- 
cated in the electron micrographs is significant. 

Measurements were made of filaments which could be discerned in micro- 
graphs similar to those shown. The lengths varied from 200 to 1100 A 
with 85 per cent between 300 and 800 A. The average was about 600 A. 
Widths, which cannot be determined with high accuracy, are estimated to 
be in the range 30 to 40 A across the wider portions. The observations 
demonstrate the presence in fibrinogen preparations of asymmetric elements 
in accordance with the conclusions reached from physicochemical methods, 
and the estimated widths are not significantly different from what would 
be expected from experiments on double refraction of flow (13). The cor- 
relation is unsatisfactory, however, to the extent that the electron micro- 
scope observations fail to indicate a unique length, even though there are 
distinguishable many filaments with lengths very close to the 700 A pre- 
dicted. (The filaments which are marked in Figs. 3, 4, and 5 are close to 
700 A in length.) In view of the difficulty of identifying continuous fila- 
ments and locating their ends in electron micrographs, the fault lies quite 
possibly, but not necessarily, with the electron microscope observations. 
It would be desirable to improve the electron microscope technique so that 
a fair sample of isolated, identifiable elements could be measured with 
certainty before concluding that the two methods are inconsistent. In any 
event, there is no unequivocal relation between the lengths of fibrinogen 
filaments as determined by either method and the dimensions of the macro 
period as seen with the electron microscope. 


Formation of Fibrin 


The absence of correlation between lengths of the precursor particles and 
the magnitude of the striations in fibrin fibrils indicates that fiber forma- 
tion is not simply a matter of assembling semirigid units in the manner 
of erystal growth as would be suggested by the extreme regularity of the 
final structure. Some attention was therefore given to a study of fibers 
during formation through the use of short clotting times and decreasing 
amounts of thrombin, with a view to obtaining evidence concerning the 
manner in which fibrinogen filaments associate. It has been noted that 
with the ultimate resolution stained fibrin appears particulate and the 
stained bands appear to represent regions where there is a relatively high 
concentration of stained particles. It is not likely that the particles rep- 
resent elementary units. They are probably aggregates of smaller, un- 
resolved elements. This appearance is consistent with the particulate 
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structure observed in fibrinogen filaments as shown in Fig. 5. When the 
thrombin concentration was decreased so that the clot formed very slowly, 
most of the fibrils showed a randomly particulate structure and little if any 
evidence of striations. Often, a fibril would be striated in some portions 
and unstriated in others. In the transition regions, the impression is gained 
that the occurrence of striations results from local concentrations of par- 
ticles which are visible, but randomly disposed, in the unstriated portions, 
Although there is no marked longitudinal structure in such stained fibrils, 
shadow-casting reveals longitudinal filaments, indicating that formation of 
fibrin involves mostly lateral association of fibrinogen filaments. The ob- 
servations suggest that in the clotting process the fibrinogen filaments aggo- 
ciate laterally, after which there is a readjustment of the constituents pro- 
ducing variations of protein concentration along the fiber axis. The regions 





| 


of higher concentration appear relatively dense after staining or as eleya- | 


tions when the dried material is shadow-cast. 


It is to be noted that fibrils sometimes formed in solutions as they stood | 


without any thrombin being added (some thrombin may be present as a 
trace in the fibrinogen material), but such fibrils have not been observed 
to be striated. Similarly, fibrils formed with very low thrombin concen. 
tration were mostly unstriated. 


DISCUSSION 


No satisfactory theory has yet been developed to account for macro 
periods of the sort described. It has been proposed by Astbury (14, 18) 


that the large periods are directly related to the much smaller dimensions | 


of polypeptide chains as determined by x-ray analysis. According to this 
proposal, the macro periods represent the extent along the fiber axis of 
single chain molecule in specific configuration. The long spacings should 
therefore be an integral multiple of certain of the short spacings. Some 0 
the defects of the theory from the x-ray standpoint have been discussed by 
Bear (2). A serious difficulty arises from the fact that experimentally the 
short spacings are singularly unaffected by changes in dimensions of the 
long spacings. The electron microscope results indicate that the macro 
periods are associated with the distribution of particles having dimensions 


between those of the short and the long spacings. Structural distinction | 


visible in electron micrographs may possibly represent significant struc 
tural differences on the polypeptide level of dimensions, but before such 4 


correlation could be made, it would be desirable to have an estimate of the | 


size of the diffracting regions which produce the wide angle pattern. Wide 
angle patterns, remarkably similar to those for certain other fibrous prc 
teins, have been shown for fibrinogen and fibrin (16), but no long spacings 
have been reported for either. The inhomogeneities which are apparel 
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in electron micrographs of both of these substances suggest that the dif- 
fracting regions producing the wide angle pattern are probably quite small, 
possibly in the range of 50 A and less. 

It must be acknowledged that the 700 A length of fibrinogen filaments 
as determined from flow birefringence data (13) is quite close to 3 times 
the average fibrin spacing as reported here. The possibility therefore sug- 
gests itself that the fibrinogen filament contains three preformed macro 
periods and that the periodicity in fibrin results from the orderly aggrega- 
tion of preexistent structures in the manner of crystal growth. This con- 
cept of the mechanism is attractive in its simplicity, but cannot be sup- 
ported by the existing evidence. It is not permissible to attribute this 
degree of significance to the average spacing without accounting specifically 
for the rather wide variation in spacing between separate fibrils. If the 
periodicity were constructed of such an orderly array, it should appear at 
all stages of aggregation, for example, in the finest fibrin fibrils. The no- 
dose character of fibrinogen filaments is suggestive of a preexistent stria- 
tion, but it lacks the extreme regularity of that in fibrin. Also, the electron 
microscope evidence indicates that there is a random distribution of fila- 
ment lengths in fibrinogen. 

It is noteworthy that, although there is considerable variation in spacing 
between separate fibrils, there is a high constancy in the spacing within 
individual fibrils or fibril bundles. It appears that there is an interdepen- 
dence of spacing in contiguous structures and that, once initiated, the 
periodicity is propagated with considerable precision throughout the fibril. 
In future efforts to account for this anomalous distribution of matter, due 
attention should be given to the possible effects of colloidal forces in this 
essentially colloidal system. From the chemical standpoint the ‘‘molecu- 
lar” units may very well be those particulate elements which border on the 
electron microscope limit of résolution, in the neighborhood of 50 A and less. 


SUMMARY 


1, The macro period in fibrin fibrils from bovine Fraction I is shown to 
consist of a narrow stain-receptive band mid-way between two denser and 
wider stain-receptive bands whose average distance center to center along 
the fibril axis is about 230 A. 

2. Fibrin fibrils formed from a highly purified sample of human fibrino- 
gen were shown to have a structure indistinguishable from that observed 
in the bovine preparations. The average dimension of the macro period 
was 215 A for the human material, which value is not considered to be sig- 
ificantly different from that of bovine fibrin, since there is a considerable - 


Variation in the value of the macro period between individual fibrils for 
both materials. 
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3. Within the range of resolution available for the investigation, stained 
fibrin fibrils appear to be constituted of particles having dimensions in the 
range of 30 to 50 A. 

4. Bovine Fraction I and the sample of human fibrinogen were shown to 
consist in large part of filamentous elements with an average length of about 
600 A and an estimated width of about 30 or 40 A. With the ultimate 
resolution available, fibrinogen filaments appear nodose, not unlike a string 
of beads. 

5. It is concluded that fibrin is produced through a predominantly lateral 
association of fibrinogen filaments. The characteristic axial periodic struc. 
ture is interpreted as consisting of periodic variations of protein concentra. 
tion resulting from local axial displacements of material to preferred posi- 
tions at an advanced stage of fiber formation. No significant relation was 
established between the lengths of fibrinogen filaments and the dimensions 
of the macro period in fibrin. 
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EXPLANATION OF PLATE 3 


Fia. 1. Fibrin fibril from bovine Fraction I, clotted in 0.9 per cent NaCl at pH | 


6.5, stained with 0.1 per cent phospho-12-tungstic acid. X 217,000. 

Fic. 2. Fibrin fibrils from purified human fibrinogen, clotted in 1 per cent NaG, 
pH about 6, stained with 0.1 per cent phospho-12-tungstic acid. X 186,000. 

Fia. 3. Bovine Fraction I, 0.01 mg. per cc. from 1 per cent NaCl, shadowed with 
uranium. X 164,000. 

Fic. 4. (a) Collodion control film treated with distilled water. (b) Human fibrin- 
ogen, 0.05 mg. per cc. from 0.8 per cent NaCl. Shadow-cast with uranium. 
X 181,000. 


Fic. 5. (a) Collodion control film. (b) Bovine Fraction I, shadowed with nickel 


X 200,000. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION OF 
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Enzymes catalyzing the oxidation of phenols occur widely in plant tissues 
and have been extensively studied (1-7), but the diversity of their proper- 
ties and the complexities of the reactions catalyzed have made assays and 
their interpretations uncertain. In only a few instances have essentially 
pure enzyme preparations been studied (1, 6, 8), and even in these cases 
the mechanism of oxidation is not well understood. The two principal 
types of phenol oxidase or tyrosinase can best be defined in terms of the 
substrates used for their detection; for example, catechol for catecholase or 
polyphenolase, and p-cresol or phenol for cresolase or monophenolase. 
In each case the first reaction product is believed to be a highly reactive 
o-quinone (1). 

Early methods of determination (2, 5) were based on measuring the 
colored oxidation products of phenols or aromatic amines, but the condi- 
tions controlling color formation were complex with generally inaccurate 
results. More recently, manometric methods in which oxygen uptake is 
measured with catechol or p-cresol as substrates have been preferred. In 
the former case, in which the enzyme tends to be rapidly inactivated dur- 
ing the oxidation, a secondary substrate system has often been employed 
to keep the o-quinone reduced. Kubowitz (9) used the hexose mono- 
phosphate dehydrogenase-triphosphopyridine nucleotide system, while Nel- 
son and Dawson (1) employed hydroquinone or ascorbic acid. This 
device, however, does not eliminate enzyme inactivation, since the latter 
appears to depend on the actual amount of oxygen reduced (1). This 
sets definite limits on the accuracy of manometric methods. 

The goal of the present work was to provide a phenol oxidase method 
suitable for routine assay of large numbers of samples of plant material, 
as well as for the estimation of the enzyme in small amounts of tissue. 


* Journal Paper No. 773, New York State Agricultural Experiment Station, Cor- 
nell University, Geneva, New York. 

t Present address, Department of Botany, Iowa State College, Ames, Iowa. 

t Present address, Department of Biochemistry, School of Medicine and Dentistry, 
The University of Rochester, Rochester, New York. 
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A colorimetric method seemed to offer the greatest speed, simplicity, and 
sensitivity if certain difficulties of the earlier methods could be avoided. 
In the proposed method the oxidized phenolic substrate is continually 
reduced by a suitable leuco dye as follows: 


(a) Phenol + O: _ oxidase _, quinone 
(b) Quinone + reduced dye ——> phenol + oxidized dye 


Reaction (b) should be stoichiometric and rapid compared with reaction 
(a), so that the over-all reaction is limited by the enzymatic step. The 





reaction can then be followed photometrically by measuring the oxidized | 


dye under conditions in which the quinone does not accumulate. If a dye 
with a high color intensity is chosen, only the very initial part of the re. 
action need be measured. Enzyme preparations from apple fruit and 
potato tuber were mainly used in the development of the method, but a 
variety of other plant materials were subsequently investigated. 


EXPERIMENTAL 
Conditions Affecting Colorimetric Reaction 


The reactions were carried out in test-tubes at 30° with a phosphate. 
citrate (McIlvaine) buffer of pH 6.0. This pH was found to be clos 
to the optimum for most of the enzyme preparations tested and was high 


~ 


—— 


enough to give the full blue color of the indophenol dye adopted without | 
permitting appreciable autoxidation of the leuco dye. Variation in buffer | 


strength had little effect on the rate of reaction. The temperature was 
adequately controlled by keeping all reagents in a 30° bath, since no sig- 
nificant change in temperature occurred during the very short reaction 
period required for the colorimetric determination. Rates were measured 
with the Lumetron colorimeter and multiple reflection galvanometer. Gal- 
vanometer readings plotted on a logarithmic axis were linear with time d 
the reaction for a suitable period under the conditions described. 
Choice of Dye and Its Effect—A large number of reversibly oxidized 
dyes of suitable potential were tested from the standpoint of solubility, 
stability, autoxidizability, absorption coefficient, and effect on the enzyme 


~_— 


ee 


preparations. The substituted indophenols were found most suitable ani 
2 ,6-dichlorobenzenoneindo-3’-chlorophenol (Eastman) was the bestof these | 


It is readily reduced by hydrogen and palladized asbestos and is stable i 
the leuco form under hydrogen for several hours. It is conveniently 


standardized colorimetrically with ascorbic acid, but weighed samples of | 


the dye gave sufficiently uniform solutions for routine work. For mally 
purposes ascorbic acid reduction may also be acceptable for leuco dye 
preparation, but there was some evidence that the oxidation products af 
ascorbic acid affected the enzyme reaction adversely. 
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Two important effects of the indophenol dyes were observed that were 
further considered. First, the dyes varied widely in their effect on the 
oxidation rates of enzyme preparations from certain sources. With some 
dyes initial rates were low and fell off rapidly, indicating enzyme inhi- 
bition. The 3’-chloro dye was, in fact, originally substituted for the more 
common 2 ,6-dichlorobenzenoneindophenol, because the former gave higher 
rates of longer linear course with potato preparations. The potato en- 
zyme was particularly sensitive to these dye effects, but was not typical 
of the plant materials investigated. A second important characteristic 
of the indophenol dyes in general and the 3’-chloro dye in particular was 
the fact that they were oxidized directly, without phenolic mediator, by 
enzyme preparations from some tissues. This will be referred to as ‘dye 
oxidase” activity! and will be discussed further in a later section. With 
such preparations, therefore, two measurements of oxidase activity were 
necessary, (a) total phenol oxidase (with phenolic substrate or mediator) 
and (b) “dye oxidase” (without phenolic substrate). The difference is 
considered a measure of true phenol oxidase activity. This is based upon 
two types of evidence. First, mixtures of two enzyme preparations of 
widely varying proportions of ‘‘dye oxidase” and phenol oxidase gave 
additive rates within experimental error, indicating no interaction of 
direct dye oxidation and dye oxidation through phenol mediation. Sec- 
ond, the two activities could be separated by a specific inhibitor as shown 
in a later section. 

Fig. 1 illustrates the effect of the leuco dye? concentration on rate of 
the reaction with three representative types of enzyme preparations. 
It may be seen that apple oxidase had very little “dye oxidase” activity 
and was inhibited to some extent above a certain optimum dye concen- 
tration. Potato oxidase showed a large fraction of “dye oxidase’ ac- 
tivity and marked inhibition by the dye. Carrot oxidase, on the other 
hand, showed a very high proportion of ‘dye oxidase,” and no evidence 
of inhibition by the dye. The effect of two levels of dye concentration 
may also be noted incidentally with enzyme preparations from other sources 
inTableIV. It is clear that the effect of dye concentration varies from one 
tissue to another, and this fact must be considered in adopting a concen- 
tration for a standard technique. 

Choice of Phenolic Substrate—A variety of phenolic compounds were 
tested for substrate or mediator activity in the system. Table I gives 
representative data for apple and potato enzyme preparations. Values 


‘The term ‘‘dye oxidase” is used only as a temporary measure. Without further 
investigation of the nature and specificity of this enzyme, any more specific or per- 
manent term seems unjustifiable at this time. 

*Hereafter ‘dye’? will indicate the 2,6-dichlorobenzenoneindo-3’-chlorophenol. 





— 


868 DETERMINATION OF PHENOL OXIDASE 


greater than unity indicate mediator activity by the phenol, while values fc 
less than unity indicate inhibition of “dye oxidase” activity. It is eyi- 
dent that only catechol or its analogues were effective mediators. Chloro- 
genic and caffeic acids were actually somewhat more effective than le 
catechol, while protocatechuic acid and dihydroxyphenylalanine were t 
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Fic. 1. The relation of leuco dye concentration to rate of oxidation by phenol 
oxidase of three typical plant enzyme preparations. TJ = total oxidase, D = “dye | 
oxidase,’’ and 7’ — D = catechol oxidase activity. 


less effective. Of the monophenols, only tyramine and possibly tyrosine ite 
showed definite but small mediating effects, while other phenols, inclu 4, 
ing p-cresol, were inactive. Catechol, therefore, was used in all subse- - 
quent work and the enzyme activity which it mediated is best termed gr 
catechol oxidase. bil 
Fig. 2 demonstrates the effect of catechol concentration on rate of the 
reaction with apple and potato preparations. No true optimum 0b 
centration was reached and the higher concentrations were not favorable pr 
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for use, since the individual rate curves fell off with time too rapidly for 
accurate measurement. 

Fig. 3 illustrates the essential point that with suitable catechol and 
leuco dye concentrations the rates of reaction were directly proportional 
to enzyme concentration over at least a 10-fold range. 


Enzyme Preparation 


In routine assay of plant material it is desirable that preparation of 
the enzyme be rapid, simple, and adaptable to adequate sampling. Plant 


TABLE I 
Effect of Various Phenols as Mediators in Oxidation of Leuco Dye 


The figures reported represent the ratios of the rates found with added phenol 
(total oxidase) and without phenol (‘‘dye oxidase’). Hence ratios greater than 
unity represent mediation by the phenol; less than unity, an inhibition of “dye 
oxidase.’’ 





Potato enzyme Apple enzyme 





Mediator Concentration of phenol Concentration of phenol 








| 83X | 83X | 83X ) 83X | 83x | 83x | 83x 
10-9 ae | 10-1078 10 10 | «10-8 | 10-9 
! — _ ee 


—-—_- —-—_———_ - fae - —— — — -— — ——— 
Catechol........... foe cae | 1.89 | 1.30 | 1.09 34 5.5 | 





Protocatechuic acid....... .| 0.70 | 1.10! 1.17 | 2.45 
Dihydroxyphenylalanine..... dtl | 1.10 2.22 | 
Caffeic acid........ acre oy | 1.35 | 6.9 
Chlorogenic acid... ; 11.92 | 9.1 | 
FRPOMRIIOL..5....5 55.0% ae 0 0.68 0 | 0.54 | 1.10 
Gallic acid........... met eeay | 0.17 | 0.89} 1.00! 0 | 0.91 | 0.98 | 
a ee NE Everts ad | 0.76 | 0.92 | 1.05 | 
Tyramine. . eee rr Ge 1.06 | 1.28 

Guaiacol .| 0.59 | 0.81 0.90 0.87 1.10 
Phenol...... sie cw ei 0.92 

Vanillie acid... 2c Say cae 0.88 | 0.76 
p-Methylaminophenol..............| 0 | 0.58, 0 0.98 | 


tissues, however, may contain interfering substances such as ascorbic 
acid and sulfhydryl compounds, phenol oxidation products with inhib- 
itory effects on the enzyme, and acids producing an unfavorable pH in 
the homogenate. The following general procedure was designed to meet 
requirements and obviate the difficulties mentioned: (a) the tissue was 
ground with an excess of ascorbic acid at a suitable pH for enzyme sta- 
bility, (b) crude proteins and cell fragments were precipitated at about 
~25° by 80 per cent acetone and centrifuged, and (c) the precipitate was 
resuspended in suitable buffer at 0°. Extensive experience with this 
procedure and several modifications showed, however, that the precautions 
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necessary in extraction and preservation of the enzymes varied consider. 
ably with the tissue and the method of sampling and grinding. 

When adequate sampling required large amounts of tissue, 25 or 50 
gm. were chopped in a Waring blendor and a small aliquot further ground 
in a Potter-Elvehjem homogenizer (10); with 1 gm. samples the latter 
homogenizer was used directly. Homogenization beyond the point of 
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Fig. 2. The relation of catechol concentration to rate of dye oxidation with apple 
and potato enzyme preparations. 


complete cell rupture did not increase activity, though in many prepa 
rations a large fraction of the activity was not in true solution and could 
be centrifuged at moderate speeds. The necessity for ascorbic acid ad- 
dition during grinding varied. With potato tuber tissue it was clearly 
beneficial, but with other tissues, including apple, it was not required 
if homogenization was rapid and the preparation precipitated or assayed 
within a few minutes. 

The pH during preparation of the enzyme had a marked effect with 
both apple and potato tissues. At values below pH 4 to 5, much lower 
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activities were obtained than at higher values, as indicated for potato 
tuber tissue in Table II. In general, either homogenates or acetone 
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Fig. 3. The relation of enzyme concentration to rate of dye oxidation with apple 
and potato preparations. 


TaBLeE II 
Effect of pH on Stability of Oxidase Activities of Potato Homogenate 
Aliquots of homogenate were suspended in buffers at the indicated pH values and 
incubated at 25° for the intervals indicated. Total oxidase activity and “‘dye oxi- 


dase” activity were determined, and catechol oxidase was calculated by difference. 
The data are given as per cent of the figures in bold- faced type. 























pH 7.5 | pH 6.0 pH 4.5 
Ti epceeemeneemna — ——— — ————————— 
23 Total “Dye | Catechol bese | “Dye | Catechol Total | “Dye | Catechol 
oxidase | oxidase” | oxidase oxidase at | | oxidase oxidase | oxidase”? | oxidase 
min, | | | | | | 
0 | 100 | 100 | 100 | 9% | 90 | 99 54 | mH | C79 
15 = Se | Or UT CUS 93 | a 44 | 20 | 65 
6 | 2 | s | 6 | 0 | 7 | 8 40 | 10 | 66 








preparations were sufficiently stable for assay purposes for 15 to 30 minutes 
at pH 6.0 even at room temperature. 

The effect of acetone precipitation was also studied extensively with 
apple and potato tissue and to a lesser extent with several other tissues. 
The per cent acetone was not highly critical and 80 per cent was considered 
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optimal. The effect of time and temperature indicated that subzero 
temperatures were not necessary for short periods (10 to 20 minutes 
but advisable for longer exposure of the enzymes to acetone. When 
ascorbic acid addition was used, acetone precipitation was the most cop. 
venient method of removing the excess, although it could also be accom. 
plished by aerating the homogenate as was practised in certain recovery 
studies. Acetone precipitates were generally more stable than homog. 
enates and in some cases gave better rate curves. Acetone precipitation 
also prevented darkening of preparations such as apple and potato by 
removing most of the natural substrates. Recoveries on acetone pre- 
cipitation, as seen in Table III, were not uniformly good; potato was most 


TABLE III 
Recovery of Oxidase Activities after Acetone Precipitation with Several Plant Tissues 
Data given as per cent recovery in acetone precipitate based on activity of the 
homogenate with ascorbic acid removed, when added, by aeration. 








Tissue and conditions | Total oxidase “Dye oxidase” Catechol oxidase 
Potato, pH 6.0, with AA* 84-104 (97)t | 52-64 (61)¢ | 102-132 (114)+ 
ae ** 6.0, without AA 60- 85 (75)t | 37-54 (48)t 75- 96 (85)t 
Apple, pH 6.5, with AA 89-135 (107)f 
Sweet potato, pH 7.6, with AA 79 86 76 
+ “4 ‘* 7.6, without AA | 66 58 72 
Mushroom, pH 7.7, with AA 71 


si ‘* 7.7, without AA 66 





* AA = ascorbic acid. 
+t Range and average of six separate trials. The figures in parentheses represent 
the averages. 


consistent, apple more variable, and some other tissues showed only poor 
recovery. 

It was found that for most tissues investigated, when ascorbic acid 
addition was not essential and when high dilution was possible, acetone 
precipitation was not required to produce enzyme preparations sufficiently 
stable and free of interfering materials for the assay. Over-all dilutions 
for the preparations illustrated in Table IV, for example, ranged from 
1:500 for carrot and 1:2000 for apple and potato to 1:25,000 fo 
mushroom. 


Standard Procedure 


Reagents- 
Leuco dye. The commercial dye (Eastman) was used without further 


purification, but each lot was standardized colorimetrically with ascorbit | 
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acid. 0.001 m dye solutions were prepared as follows: The calculated 
amount of solid (35 mg. in the case of the lots used) is dissolved in 100 
ml. of distilled water by shaking periodically for 20 to 30 minutes, and 
then filtering off the undissolved material. This solution is stable for 3 
or 4 days at room temperature. 


TABLE IV 


Phenol Oxidase Activities of Various Plant Tissues Measured Colorimetrically and 
Manometrically 


Activities computed for both methods as micromoles X ml.~! X min.~! X gm.7! 
(fresh weight), where 1 mole of dye is equivalent to 1 gm. atom of oxygen. 


Colorimetric method Manometric method 














| | ee te, a [Catechol 
— | aes Total eee, | = ps ra | Cote | Creso- oxidase 
oxidase | oxidase’’ | oxidase “Dye | oxidase lase Creso- 
| | xidase’”’ | lase 
Sit enimecnneneneenre —_—— | ——___—___| —__—_ | ney hnseanenes —- | ———— 
| ae | 
Potato (tuber) 0.5 | 16.2] 3.2 | 13.0] 4 | 17.8| 7.1 | 2.5 
| 2.5 | 22.7 | 15.9 | 6.8 | 0.4 | | 
Apple (fruit) | 0.5 | 14.8] 0.102) 14.7! 144 11* | 0.3 | 36 
| 2.5 8.9 | 0.32 8.6 | 4 
Sweet potato (tuber) | 0.5 14.1} 4.1 10.0; 2.4} 2.9% 0 
| 2.5 | 26.4] 15.8 | 10.6 | 0.7 | 
Beet (root) | 0.5 | 74.8] 6.8 68.0 | 10 10.9 | 12.2 | 0.9 
| 2.5 +| 44.8| 22.0 | 22.8] 1 | | 
Peach (fruit) | 0.5 12.9] 2.14] 10.8] 5 4.0; 0.21 | 19 
1 25 | 12.5] 4.7 | 7.8] 1.7 | 
Banana (fruit) | 0.5 | 23.5} 0.63} 22.9 | 36 18.5} 4.0 | 4.6 
| 2.5 | 28.0] 2.53] 25.5] 10 | | | 
Asparagus (stem) = 0.5 11.0; 3.4 7.6; 2.2) 0 |} Oo | 
| 2.5 | 22.7 | 15.2 7.5; 0.5 | | | 
Mushroom 0.5 | 514 0.35 | 514 (1470 | 148 123 | 6.5 
| 2.5 | 360 | 0.38 | 360 | 950 | 
Carrot (root) | 0.6 | 6&.38] 2.57 2.7; 0 | O 
| 2.5 | 18.8/12.0 | 1.3] 0.11 








* Estimated initial values from rapidly declining rate curves. 


To prepare the leuco dye for a single day’s use, an appropriate amount 
of the above stock is diluted 5-fold (0.0002 m) and about | ml. of a freshly 
prepared 0.2 per cent suspension of 5 per cent palladized asbestos is added 
to each 200 ml. of dilute dye. Hydrogen is then bubbled through the 
solution just to the point of complete reduction, 3 to 4 ml. of 0.1 m phos- 
phate-citrate buffer (pH 6.0) are added to reduce autoxidizability, and 
the solution filtered quickly through retentive paper on a Biichner funnel. 
A slow stream of hydrogen passing through the solution is maintained 
for the period of use of the leuco dye. The 5 per cent palladized asbestos 
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(Fisher Scientific Company) should be washed thoroughly with distilled 
water and oven-dried. Normally the reduction occurs within 15 minutes 
and the filtered solution is colorless. If the filtrate is appreciably red. 
either too much palladized asbestos was used or the hydrogen bubbling 
was continued too long after complete reduction. 

Catechol solution. Freshly prepared 0.1 m catechol containing a dro 
of 10 per cent acetic acid per 100 ml. 


Method 

The following procedure was found suitable for most plant materials, 
A weighed sample of tissue, fresh or frozen, is ground with water in y 
Waring blendor and homogenizer, or homogenizer alone, depending on 
the sample size, until the cells are ruptured. Sufficient 0.2 m K,HPQ, 
varying with the acidity of the tissue, is included to maintain a pH of 
about 7.0. Dilution of the tissue in the homogenate is 1:10. The homog. 
enate is then diluted to the proper concentration for satisfactory rate 
measurement and assayed as soon as possible. When delay is unavoid- 
able, the preparation should be kept in an ice bath or, if found suitable 
for the particular tissue, an acetone precipitate may be prepared. 

To a colorimeter tube (20 X 150 mm. test-tube) are added 5.0 ml. of 
0.1 m phosphate-citrate (McIlvaine) buffer of pH 6.0, 5.0 ml. of 0.0002 x 
leuco dye (1.0 um), 1.0 ml. of 0.1 m catechol, and finally 1.0 ml. of enzyme 
suspension, all reagents at 30°. The tube is quickly swirled for mixing 
and inserted in the colorimeter (645 my filter), and the lamp rheostat 
adjusted to give a suitably high (80 to 100 per cent) transmission. (al- 
vanometer readings are then taken at 5 second intervals, usually during 
the 15 to 45 seconds after mixing. A timer with a flashing light signal 
is convenient when working alone. 

The per cent transmission (/) plotted against time on semilog paper 
normally gives a linear relation for at least 30 to 60 seconds, and the slope 
of the line is a convenient measure of the reaction rate. When rates ate 
known to be linear, two readings may be sufficient and plotting unneces- 
sary. Since the blank transmission (J) does not change significantly 
during the reaction, the rate of increase in optical density (D) is measured 
by the slope and, by Beer’s law, the rate of increase in oxidized dye con 
centration (C). For a dye of absorption coefficient ¢ and standard tube 
of light path L, the rates may be expressed as change in log / or LD per 
minute as follows: 


) 


(1) Initial reading, log Jo — log h =e XLX(Q = D), 
(2) Final reading, log J) — log lz = « X L X C2 = D 
Subtracting equation (1) from equation (2) gives 

— (log J; — logh) = «X LX (C2 —- Gi) = - 
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or 
—A log I = «XL X AC = AD 


A log I AC AD 
Rate = g* =eX L x - + tt 


AT AT AT 





Such rates were converted to an absolute basis for the particular in- 
strument, dye, and tube used as follows: 





A log J per min. X dilution factor micromoles 

wai 3.50 x volume eli ml. X min. X gm. 

where ‘dilution factor” is the volume of enzyme preparation divided by 
the fresh weight of tissue, “‘volume”’ is that of the reaction mixture, usually 
12 ml., and.3.50 is the optical density of 1 um of oxidized dye in a 12 ml. 
volume under the conditions used. 


Some Applications and Properties of Method 

Quantitative comparison of phenol oxidase activities by different 
methods is always difficult and especially so with crude catechol oxidase 
preparations which may be inactivated during their action. Since man- 
ometric methods have been most common, a series of comparisons of the 
colorimetric and manometric methods was made with enzyme prepa- 
rations from a variety of plant tissues. The manometric technique was 
similar to that of previous workers (1) except that the pH, buffer strength, 
and catechol concentration were adjusted slightly to those of the colori- 
metric method. 

Several points of comparison are illustrated in Table IV. It is sig- 
nificant that accurate colorimetric measurements could be made in cases 
in which the manometric method failed, giving poor rates or none at all. 
This may have been due in some cases to the longer time necessary to 
make the manometric observations, but in other cases, for example carrot, 
it seemed to be due to a reversible inactivation of the enzyme, since the 
contents of the Warburg flask showed a large fraction of the original 
activity by subsequent colorimetric measurement. The catechol oxidase 
activity by the colorimetric method, especially at dye concentrations 
at which inhibition was minimum, was always equal to that measured 
by the manometric method, and usually much greater. This is consistent 
with the view of Nelson and Dawson (1) that the amount of inactivation 
of the enzyme is proportional to the oxygen uptake, which is necessarily 
much greater in the manometric method. 

The sensitivities of the two methods can be compared on the basis of 
the relative oxygen uptakes required to give minimum values of com- 
parable precision in the instruments used in the respective methods. On 





ae 
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this basis an oxygen uptake of 25 ul. per hour in the Warburg apparatus 
is 300 times that equivalent to a A log J per minute of 100 in the colorj- 
metric method. 

Table IV further shows the wide range observed in the total oxidase 
activity, in the proportion of ‘dye oxidase” and catechol oxidase, and in 
behavior with respect to dye concentration. Carrot oxidase, for example, 
was 90 to 95 per cent direct ‘dye oxidase” at the higher dye concen- 
tration, while mushroom oxidase was never more than 0.1 per cent “dye 
oxidase.” 


“Dye Oxidase” 


Since peroxidase and cytochrome oxidase (with appropriate substrates) 
also catalyze leuco dye oxidation, their possible relation to ‘‘dye oxidase” 
activity was examined. Peroxidase would require the presence of a suit- 
able concentration of peroxide in the enzyme preparation. The presence 
of an adequate concentration of peroxide seemed improbable, but this 
possibility was eliminated by the response of oxidase preparations to 
added purified peroxidase and catalase. The presence of cytochrome 
oxidase was also rendered unlikely, first, since some of the preparations 
were essentially soluble in contrast to typical cytochrome oxidase prepa- 
rations, and second, because addition of cytochrome c failed to catalyze 
dye oxidation which it does in the presence of heart muscle or wheat germ 
preparations known to contain cytochrome oxidase. 

There was the further possibility that “dye oxidase’ was related to 
other types of phenol oxidases. In a sense the leuco dye is a p-amino- 
phenol toward which laccases are generally active; however, the “dye 
oxidase’’ preparations did not oxidize hydroquinone or p-phenylenediamine, 
both of which are typical substrates for laccase. 

Another possible cause of direct oxidation of the dye might be mono 
phenolase or cresolase activity which is known to occur in many of the 
tissues studies (1, 3). Though unlikely on several grounds, this was a 
possibility more difficult to exclude. However, p-cresol and other mono- 
phenols, with the possible exception of tyramine, were shown not to me 
diate dye oxidation. Also, no clear correlation was found between “dye 
oxidase” and manometric cresolase activities in a variety of plant tissues. 
This may be seen in Table IV in which ‘‘dye oxidase’ determined by the 
colorimetric method and cresolase activity by the manometric method 
were compared, as well as the ratios of catechol oxidase to ‘‘dye oxidase” 
and catechol oxidase to cresolase. This comparison cannot be exact, 
but there seems to be no consistent tendency to indicate the identity of 
“dye oxidase” and cresolase. The ‘dye oxidase” was also differentiated 
from cresolase by the use of the inhibitor phenylthiocarbamide. As 
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‘tus | hown in Table V, there is little difference in the sensitivities of catechol 

Ori- gridase and cresolase to this inhibitor as determined manometrically, 
while catechol oxidase and ‘“‘dye oxidase”? show markedly different inhi- 

{ase | sitions to phenylthiocarbamide. 

1 in Finally there is the possibility that the “dye oxidase” activity is not 

ple, ytually a direct one but that some natural mediator is present in the 

— preparation. If such were the case, however, it is not removed by acetone 

dye precipitation, nor is it liberated upon heat coagulation of the protein, 
ince concentrates of the supernatant fluid after heat denaturation do not 
activate catechol oxidase preparations. The additive properties of ‘dye 

tee) oxidase” and catechol oxidase activities also argue against the functioning 

ates 

ase” TABLE V 

suit- _Per Cent Inhibition of Phenol Oxidases s by Phenylthiocarbamide 

ence Concentration of nuit 

this Tissue | Method Oxidase activity 

s to so 10-* a | 10-¢ u | (10-7 | 8X 

rome | 7 STE , den aio nh i— ne aS 

bata Apple | Colorimetric Catechol oxidase | 76 | 100 
Potato = " - 7 | 71 | 100 

repa- as Dye oxidase | 2 | 0 | 16 

aly ze Manometric Catechol oxidase | 0 | 74 | 88} 

germ Cresolase 9 | 56 | 96) 
Beet Colorimetric Catechol oxidase | | 2 | 27 | 8& | 95 

“7 ” Dye oxidase 0 | 0 | 0 | 0 

Manometric Catechol oxidase 27 | 58 | 100 

a " Cresolase 5 | 30 | 85) | 

rd ye senceniasiiainrninnee ee ee —————————— —! en an x a 

nine, | ofa mediator in “dye oxidase” activity. It can only be concluded at 
present that “‘dye oxidase” is probably some type of phenol oxidase, not 

i typical of laccase or cresolase, which is especially active toward indophenols. 

) e 

vas & Micro Modification of Method 

10nd The colorimetric method offers the possibility of measuring phenol 

) Me widase in minute quantities of tissue for physiological investigation. 

“dye | The high absorption coefficient of the oxidized dye at 645 my affords 

sues, | high sensitivity even in the procedure described, but this can easily be 

y the | increased 100-fold by reduction in volume and increase in reaction time. 

ethod The following procedure was developed with apple fruit tissues. Micro- 

dase tome slices of frozen tissue weighing 0.1 to 0.5 mg. were homogenized in 

exact, _ &small Potter-Elvehjem type homogenizer (approximately 5 X 25 mm.) 

a tontaining 100 ul. of buffer and excess ascorbic acid. The homogenate 

ia 


| Was transferred with a micro pipette to a small conical centrifuge tube 
7 X 35 mm.) with another 100 ul. of buffer for rinsing. The enzymes 
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were precipitated with 800 ul. of acetone at —25° and resuspended jy | 
100 yl. of buffer of pH 6.0. Rate determinations of from 1 to 3 minute 
duration were made with Lowry and Bessey’s adaptation of the Beck. 
man spectrophotometer (11) with 50 ul. constriction pipettes to trangfe 
suitable amounts of catechol, leuco dye, and enzyme to micro cuvette 
(2 X 10 mm. inner dimensions). Results were of nearly as high precision 
as in the larger scale procedure, and the sensitivity, equivalent to a mini. 
mum oxygen uptake of approximately 0.0002 ul., is comparable to thoy 
of the histochemical methods of Linderstrgm-Lang and Holter (12) 


DISCUSSION 


The colorimetric method described has several advantages in speed, 
convenience, and sensitivity over previous methods of measuring phenol 
oxidase activity. Complete determinations can be made in as little as 
5 to 10 minutes and a team of two workers can carry out ten per hour 
with most plant materials. The method is also readily adapted to smal 
scale techniques for determinations on a histochemical level. 

The use of a leuco dye as a secondary substrate, however, has intro- 
duced some complexities. The variable inhibitory effect of the indo 
phenol dye on oxidase from certain plant materials necessitates contro 
of dye concentration and restricts the comparison of enzyme activities 
from different sources. The latter is difficult, however, by any method, 
since phenol oxidase activity is so generally dependent on the substrate 
and experimental conditions. It may also be pointed out that the dye 
used in this method gave much higher sensitivity (at least 1€ times) and 
better rate curves than the pyrogallol, benzidine, or nadi reagent used } 
in earlier colorimetric methods. 

The occurrence of direct ‘dye oxidase” activity in some plant prepa- 
rations was a further complication, but it appears different from catechol- 
mediated dye oxidation and may in itself prove to be an interesting part 
of the phenol oxidase mechanism of plant tissues. The identification of 
“dye oxidase” will require further work. 

The almost complete lack of activity of monophenols as mediators 
seemed to rule out the use of the method for monophenolase detem- 
nation. The reason is uncertain, since o-quinones are considered to be 
formed in the enzymatic oxidation of monophenols as well as o-dihydroxy- 
phenols (1). 

Considerable variation was found in the properties of enzyme preps: | 
rations from different plant materials which called for adjustment in the | 
method of preparation in some cases. However, a general procedure has | 
been presented which was adequate for the majority of tissues investi | 
gated. It is characterized by thorough cell rupture, avoidance of low pi, | 
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short standing, and high dilution which usually obviated further purifi- 
cation of the homogenate. 

The same general technique has been adapted to the determination of 
peroxidase in plant material (13) and much of the work was concurrent 
with that in the present report. The method has also been adapted for 
eytochrome oxidase determination (14) in which cytochrome c replaces 
catechol as the primary substrate or mediator. Thus it appears feasible 
to determine three important respiratory oxidases by a single method of 
improved speed, convenience, and sensitivity. 


SUMMARY 


A new colorimetric method for determining phenol oxidase activity in 
plant tissues is described. It affords greater speed and sensitivity, being 
adaptable both to routine assay and to microanalysis on a histochemical 
level. 

The enzymatically oxidized phenolic substrate, catechol, is continually 
reduced by leuco-2 ,6-dichlorobenzenoneindo-3’-chlorophenol, and the rate 
of color formation, measured photometrically over a short period, is found 
to be linear and directly proportional to enzyme concentration under 
suitable conditions. 

The influence of leuco dye and catechol concentration and of the method 
of enzyme preparation with various plant materials was investigated and 
a standard procedure suitable for most materials is presented. 

Some preparations showed direct ‘dye oxidase’”’ activity; that is, they 
catalyzed the oxidation of leuco dye without added mediator. This 
enzyme appeared to be distinct from catechol oxidase, cresolase, cyto- 
chrome oxidase, or peroxidase. 

Comparison of the present colorimetric method with a conventional 
manometric technique was made on a group of representative plant tissues. 


The authors are indebted to Dr. W. B. Robinson for his collaboration 
in part of this work. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION 
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In a previous paper (1) a colorimetric phenol oxidase method was pre- 
sented which utilizes catechol as a mediator and in which the oxidation of 
a leucoindophenol is followed photometrically over a very short time in- 
terval. During the development of this method it was found that the 
same basic method and technique were applicable to the determination of 
peroxidase. In the latter case, oxidation of the leucoindophenol dye is 
catalyzed directly by peroxidase in the presence of hydrogen peroxide. 
Since it is often desirable to determine both phenol oxidase and peroxidase 
ina given plant material, a basically similar method for both enzymes was 
considered advantageous. 

Most previous peroxidase methods have also been colorimetric and have 
utilized a variety of oxygen acceptors such as pyrogallol (2-4), leucomala- 
chite green (5, 6), guaiacol (6), nadi reagent (7), and others. Lucas and 
Bailey (8) have also used an indophenol dye similar to that in the present 
work, but in a quite different way. Another method commonly used, 
especially in the assay of plant material, is that of Balls and Hale (9), in 
which pyrogallol is the oxygen acceptor, but the utilization of hydrogen 
peroxide is measured. 

This paper includes (a) a brief discussion of factors involved in the pro- 
posed colorimetric reaction and in the enzyme preparation, (b) a descrip- 
tion of the method adopted, (c) some results of its application to plant ma- 
terials, and (d) some points of comparison with other methods. 


EXPERIMENTAL 
Colorimetric Reaction 


The same general technique as that of the phenol oxidase method (1) 
was found suitable for peroxidase determination. A pH of 6.0 for the 
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colorimetric reaction proved optimal for enzyme preparations from various 
sources, and at the same time permitted only a negligible rate of oxidation 
of the leuco dye by peroxide in the absence of enzyme. Buffer strength 
was not critical. Much less variation of peroxidase activity with different 
indophenol dyes was encountered than in the case of phenol oxidase. Al- 
though the common 2,6-dichlorobenzenoneindophenol was quite satis. 
factory, 2,6-dichlorobenzenoneindo-3’-chlorophenol afforded somewhat 


TABLE I 
Activities and Properties of Oxygen Acceptors in Peroxidase Reaction 











Enzyme preparation Acceptor* | Concentration | HOst | Ratet | oe & 
M per cent | percent | 
Apple (acetone | 3467 3.4X10-* | 0.04 | 100 | 1500 | 25 
ppt.) | 
Same 3463 3.4X 10+ | 0.04 | 60 | 15 
“ Pyrogallol [0.033 0.04 | 1.1] 1700 | 2.9} 
“ Leucomala- [1.2 X 10-*ca.| 0.0001} 0.3! 6 | 50 
chite green | 
Potato (acetone | 3467 3.4X10-* | 0.04 | 100 | 
ppt.) | 
Same 3463 3.4 X 10-4 0.04 | 61 
Horseradish (par-| 3467 3.4 X 10-* 0.04 | 100 
tially purified) | | 
Same 3463 3.410 [0.08 | 55 





* 3467 (Eastman Kodak Company), 2,6-dichlorobenzenoneindo-3’-chlorophenol; 
3463 (Eastman Kodak Company), 2,6-dichlorobenzenoneindophenol; pyrogallol, 
410 my filter used in measurement; leucomalachite green, in pH 4.0 buffer, 615 mp 
filter used. 

+ All H,O, concentrations were optimal. 

t Rates for each enzyme preparation relative to those in bold-faced type. 

§ « = absorption coefficient = (log Io/I)/(L(cm.) X C (mm per liter)). 

|| This value is for purpurogallin in alcohol. 


greater sensitivity, as shown in Table I. Since the latter dye had been 
adopted for the phenol oxidase method, some convenience as well as sel- 
sitivity was gained by also selecting this dye for the peroxidase determina- 
tion. No evidence of enzyme inhibition by the dyes was observed, and 
small differences in the sensitivity of the method with the various dyes 
were due essentially to variations in their absorption coefficients. 

The effects of leuco dye and peroxide concentrations on the rate of the 
enzyme reaction were necessarily interrelated. These relations are illus 
trated for an apple preparation in Figs. 1 and 2. It will be seen that the 
optimal peroxide concentration in the reaction mixture was at about 0.04 


per cent for a leuco dye concentration of 3.5 X 10-*m. At this peroxide | 
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concentration the leuco dye was not at an optimal concentration. With 
lower peroxide concentrations an optimal dye concentration could be 
reached, but this was at such a level that there was danger of precipitation 
of dye in the stock solutions. Thus the best practical choice for maxi- 
mum sensitivity seemed to be about 0.04 per cent peroxide and 3 to 4 X 
10-* m leuco dye. Under these conditions good proportionality between 
rate of oxidation of the leuco dye and enzyme concentration was obtained, 
as illustrated in Fig. 3. 
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Fic. 1. The effect of peroxide concentration on the peroxidase reaction with apple 
and sweet potato preparations. Leuco dye concentration, 3.5 X 10~ M. 


It may be pointed out that enzyme preparations vary in their sensitiv- 
ity to peroxide, as previously reported (10). As may be noted in Fig. 1, 
the sweet potato preparation was markedly inhibited by peroxide concen- 
trations above the optimum, while an apple preparation showed little or 
no inhibition at such levels. This variation in sensitivity was considered 
in the design of a routine method. Inhibitory peroxide concentrations 
were usually indicated by non-linear rate curves and were generally avoided. 


Enzyme Preparation 


Much of the present work was carried out simultaneously with studies 
on the phenol oxidase method (1) and included investigation of the effects 
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of sampling and grinding techniques, pH, ascorbic acid addition, acetone 
precipitation, temperature, and time. Peroxidase was similar in its be- 
havior to phenol oxidase in many respects but showed generally greater 
stability. A pH of 7 to 8 was found to be optimal for the stability of 
peroxidase during preparation for apple and potato tissue. There was no 
evidence that the use of ascorbic acid during grinding was beneficial. Re- 
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Fic. 2. The relation of leuco dye concentration and rate of the peroxidase re- 
action with an apple preparation. Peroxide concentration, 0.04 per cent. 


coveries of enzyme activity after 80 per cent acetone precipitation were 
usually better than 90 per cent, but this procedure was not required, since 
simple homogenates were found to be as stable as acetone precipitates. 
Peroxidase differed from phenol oxidase in that diluted homogenates were 
more stable in peroxidase activity in the presence of gelatin. It was gen- 
erally possible to use the same enzyme preparation for the determination of 
both peroxidase and phenol oxidase activities, except that the aliquot of 
homogenate for peroxidase determination was diluted with gelatin solution. 
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Standard Procedure 


Reagents— 

Leuco dye. Anapproximately 0.001 M solution of 2 ,6-dichlorobenzenone- 
indo-3’-chlorophenol (35 mg. per 100 ml.) is prepared. To obtain the 
leuco dye reagent, the above stock is first diluted, after ascorbic acid 
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Fig. 3. The relation of enzyme concentration and rate of the peroxidase reaction 
with an apple preparation. Peroxide concentration 0.04 per cent, leuco dye concen- 
tration 3.5 X 10-4. The bars represent the range of five replicate determinations. 


standardization, to 5.6 X 10-* m. The dye is reduced by first adding 2 
ml. of a freshly prepared 0.2 per cent suspension of 5 per cent palladized 
asbestos for each 200 ml. of solution and then bubbling hydrogen through 
the solution until colorless. 3 to 4 ml. of 0.1 m phosphate-citrate buffer 
(pH 6.0) per 200 ml. of solution are added to reduce autoxidizability, the 
solution is quickly filtered through retentive paper in a Biichner funnel, 
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and the hydrogen bubbling is resumed during the use of the leuco dye | 


reagent. Further detail on the leuco dye preparation is given in the de. 
scription of the phenol oxidase method (1). 

Hydrogen peroxide. (0.48 per cent hydrogen peroxide is prepared fresh 
from 30 per cent “‘superoxol.”’ 


Method 


The following procedure was adopted for routine determination in plant 
materials: (1) A weighed sample of tissue, fresh or frozen, is ground firs) 
in a Waring blendor and then a portion in the Potter-Elvehjem homog. 
enizer (11), or in the homogenizer alone if the sample is small, until the 
cells are ruptured. Sufficient 0.2 m K;HPO,, depending on the acidity of 


the tissue, is included to maintain a pH of 7 to 8. Dilution of tissue in the } 


homogenate is 1:10. The homogenate is diluted to the appropriate con. 
centration for assay with 0.5 per cent gelatin solution and assayed as soon 
as possible or stored for short periods in an ice bath. (2) To a colorimeter 
tube (20 X 150 mm. test-tube) are added 2.5 ml. of 0.2 m phosphate-citrate 
buffer (pH 6.0), 7.5 ml. of 5.5 X 10~* m leuco dye, 1.0 ml. of 0.48 per cent 
hydrogen peroxide, and finally 1.0 ml. of the enzyme preparation. The 
tube is quickly swirled for mixing and inserted in the colorimeter with a 
645 my filter. After adjusting the lamp rheostat to give a transmission 





of 80 to 100 per cent, galvanometer readings are taken at 5 second intervals, | 


usually in the interval from 15 to 45 seconds after mixing. An interval 
timer with a flashing light signal is convenient. 

Transmission values are plotted against time on semilog paper, and the 
rate was determined from the straight line and expressed as A log / pet 
minute. These relative rates can be converted to an absolute basis by the 
following expression: 





3.50 X volume ml. X min 


A log J per min. X dilution factor ' micromoles 
fi ml. X min. X gm. 


where ‘dilution factor” is the volume of enzyme preparation divided by 
the fresh weight of tissue, ‘“‘volume”’ that of the reaction mixture, usually 
12 ml., and 3.50 is the optical density at 12 ml. volume in the standarl 
tube of 1 um of oxidized dye. A more detailed explanation of the expres 
sion “A log J per minute”’ as a measure of rate is given in the report m™ 
phenol oxidase (1). 


Some Applications and Properties of Method 


Possible interference in the proposed method by other oxidative enzyme 
was evaluated. Direct oxidation of the leuco dye (without peroxide 
occurred in some plant tissues, the so called ‘dye oxidase”’ reaction prev! 
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ously described (1). The extent of this reaction may be noted in Table II. 
[tis conceivable that phenol oxidase and cytochrome oxidase in the presence 
of their natural substrates could interfere, though this is unlikely because 
of the high dilution of the tissue. Catalase might interfere by competing 
for the peroxide substrate. Studies with varying proportions of peroxidase 
and catalase! showed that relatively high catalase concentrations were 
necessary for appreciable interference which was evidenced by falling off in 
the rate curves. No such interference was encountered in the plant ma- 
terials investigated. 











TaB_Le II 
Peroxidase Activity of Various Plant Tissues 
| Activity, uM X min. —! X ml. ~ x 
gm. ~, fresh weight 
Tissue noe Q : ale ——- 
: “ontrol, : 
Total with | Without Reguabess 
en RTETEC LETT aE Eee. 1:400 | 120 7.3 113 
IIE STEP 6 oosj casi Bak Oe «SRL is alee 1:1,000 362 68 294 
Horseradish root, frozen...... « vgtave Beale 1:30,000 | 7030 0 7030 
SS a a ee 1:200 63 22 41 
OG Crees jf 423 65 358 
Sweet potato tuber, frozen ; ....+.| 132,000 490 78 412 
Fees, frosen............ Be 128 27 | 101 
Spinach, frozen Petter ar ve 1:1,000 = 158 17 136 
Mushroom, frozen ed czvwthne ie 1.09 0.44 0.65 
Cabbage, fresh Bi inet .| 1:5,000 = 1905 0 1905 
Asparagus stems, fresh... re ee 1:2,000 336 33 303 
MP POOLS. fOBh. ... 6. 6. csctewse esas 1:2,000 423 0 423 


NS 5 a 28 ake De a ORG ce eS AN 1:100 31 2.9 28 

Table I shows that the leuco dye used in the present method affords much 
greater sensitivity of measurement than either pyrogallol or leucomalachite 
green. With pyrogallol, with which the Michaelis constant was found to 
be similar to that when the indophenol dye served as acceptor, the differ- 
ence seemed to be due to the relative absorption coefficients and possibly 
to some inhibitory effect of pyrogallol on the enzyme. With malachite 
green, however, which has a higher absorption coefficient than the indo- 
phenol dye, the difference in sensitivity would seem to result from differ- 
ences in the specific reaction rates of the intermediate compound, per- 
oxidase-H,O2, with the two oxygen acceptors (see Chance (5)). Guaiacol 
and nadi reagent were found to be much less satisfactory in the present 
method than any of the above acceptors. The high sensitivity of the 


‘We are indebted to Professor J. B. Sumner of the Biochemistry Department of 
Cornell University for a sample of crystalline beef liver catalase. 
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method was also demonstrated by comparison with the Balls-Hale method 
(9) in blanching studies? on peas and beans. Accurate determinations of 
fractional per cents of residual peroxidase activity after blanching were 
possible only with the present method. 

Much of the work reported in this paper was done with apple, potato, 
and horseradish preparations, but a survey of other available plant mate. 
rials was made to test the method further. The results in Table II show 
the wide range of peroxidase activity encountered and the magnitude of 
the control rate (without peroxide). Most of this may be due to “dye 
oxidase,”’ but since the preparations were all unpurified homogenates, 
some may have been due to other oxidases with their natural substrates, 
at least when the homogenate could not be greatly diluted. 


DISCUSSION 


The indophenol method has been readily adapted for peroxidase determi- 
nation with the same technical advantages of speed, convenience, and 
sensitivity as that described previously for the phenol oxidase method 
(1). The leuco dye selected afforded higher sensitivity than either the 
pyrogallol or leucomalachite green acceptors which have been most com- 
monly used in the past. The method has one disadvantage in comparison 
with the Balls-Hale method (9) that applies, however, to any method 
which employs an acceptor that may be an oxidase substrate and which 
measures substrate change. With materials of relatively low peroxidase 
activity and high “dye oxidase” activity, control determinations without 
peroxide are necessary and peroxidase activity must be calculated by 
difference. 

As has been observed with pyrogallol and malachite green (6, 10, 12), 
excessive peroxide concentrations may cause suboptimal rates with some 
enzyme preparations. Although this was only rarely observed in the 
present work, it may complicate the use of fixed peroxide concentrations 
for the assay of a wide variety of tissues. A single peroxide concel- 
tration, therefore, may not serve to compare the peroxidase activities of 
different tissues accurately, but would be valid for comparing changes 
in activity in the same or similar tissues. 

Preparation of the tissue for peroxidase analysis was similar to that for 
phenol oxidase (1); hence with most materials the same preparation served 
for both determinations. 


SUMMARY 


A new method of increased speed and sensitivity for determining per 
oxidase in plant tissue is described. Leuco-2,6-dichlorobenzenoneindo- 


2 We are indebted to Dr. Z. I. Kertesz and his coworkers for the Balls-Hale de- 
terminations. 
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3’-chlorophenol is oxidized by peroxidase in the presence of hydrogen 
peroxide, and the rate of color formation is found to be linear and propor- 
tional to enzyme concentration under the conditions described. The 
influence of peroxide and leuco dye concentration and of the method of 
enzyme preparation was investigated and a standard procedure adopted. 
Assay results from representative plant tissues illustrate the flexibility 
of the method and comparative data with other peroxidase methods 
emphasize its sensitivity. 
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4 COLORIMETRIC METHOD FOR THE DETERMINATION OF 
CYTOCHROME OXIDASE* 
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The colorimetric determination of phenol oxidase (1) and peroxidase 
(2) in plant tissues has been adapted for the determination of cytochrome 
oxidase in animal tissues. Previous methods for the latter have been 
manometric and it was thought that with so labile an enzyme the speed of 
the colorimetric method might be advantageous. A reduced or leuco dye 
is used to keep the substrate cytochrome c in the reduced state. The rate 
of oxidation is then measured by the rate of appearance of the oxidized 
dye color. The factors affecting this coupled reaction have been investi- 
gated and a standard assay technique has been proposed. Application 
of the method to rat tissues and pig heart muscle preparations has also 
revealed some new properties of the cytochrome oxidase system. 


EXPERIMENTAL 


Standard Method 


Reagents and Apparatus—Cytochrome c was prepared from pig heart 
muscle according to Keilin and Hartree (3) but finally dialyzed against 
water. It was standardized spectrophotometrically, diluted to 2 x 10-4 
u, and stored frozen. The dye, 2,6-dichlorobenzenoneindo-3’-chloro- 
phenol (Eastman), was used without previous purification as in the previ- 
ous oxidase methods (1, 2), but each lot of solid dye was standardized 
against ascorbic acid so that solutions of known molarity could be made by 
weight. Solutions of 35 mg. per cent (approximately 0.001 mM) were pre- 
pared every 3 or 4 days. An amount of this stock dye solution for a day’s 
use, usually 20 to 30 ml., is reduced as follows: (a) suspend in the dye 
solution by vigorous shaking about 0.5 mg. of 5 per cent palladized asbestos 
(Fisher) which had been previously thoroughly washed with water and 
oven-dried ; (b) add 4 drops of 0.2 Mm Mcllvaine buffer of pH 6.0 and bubble 
hydrogen through the solution until it is just decolorized; and (c) filter 
the mixture rapidly by suction through No. 5 Whatman paper and resume 
a slow stream of hydrogen -to prevent autoxidation. As pointed out 


*This research was supported by a grant from the Donner Foundation, Inc. 
t Present address, Department of Botany, Iowa State College, Ames, Iowa. 
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before (1), it is important that a minimal amount of catalyst be used and 
that the reduction not be carried beyond the point of decoloration. 

The colorimetric measurements were made in a Lumetron colorimeter 
with a multiple reflection galvanometer, a 645 mu filter, and an adapter 
for 4} X 4 inch test-tubes. This apparatus is convenient for transmission 
measurements at 5 second intervals and has adequate sensitivity for 
suspensions of high turbidity. The Beckman spectrophotometer was als 
used at the standard 3 ml. reaction volume as well as the 120 ul. level 
described later. 


Procedure 


The following technique was developed for tissue assay and was also 
used for the experimental work presented unless otherwise indicated, 
Further discussion of individual factors in the method will be found in 
subsequent sections. 

Samples of 0.5 to 1.0 gm. of freshly excised tissue are blotted dry, weighed, 
cut into small pieces, and homogenized in 5 to 10 ml. of water in a Potter. 





— 


Elvehjem homogenizer (4) in an ice bath. Homogenates are kept in an | 


ice bath and assayed as soon as possible, suitable dilutions with water 
being made only immediately before assay and kept in the 30° bath only 
long enough for temperature equilibration, usually 3 minutes. 

All reagents are kept in a 30° bath and the assay itself is completed 
before any significant change in temperature occurs in the reaction mixture. 


Reagents are added as follows: 1.0 ml. of 0.2 m phosphate buffer, pH 7.0, | 


0.5 ml. of 2 X 10-* m cytochrome c, 1.0 ml. of 0.001 m leuco dye, and 
finally 0.5 ml. of enzyme suspension. The tube is quickly swirled for 
mixing and inserted in the colorimeter, the lamp rheostat is adjusted to 
a convenient galvanometer reading of 80 to 100, and transmission readings 
are taken at 5 second intervals usually in the period from 15 to 45 seconds 
after adding the enzyme. In this short time no evidence of change it 
transmission due to settling of particles was observed. The autoxidation 
rate of the leuco dye under these conditions is large enough to requift 
correction and is measured by substituting water for the enzyme solutio 
in the procedure. This rate is subtracted from those obtained in the pres 
ence of enzyme. , 


The per cent transmission (/) plotted against time on semilog pape | 
gives linear curves for at least 30 to 60 seconds and the reaction rate | 


are measured from the slopes of these curves. If curves are known tol 
linear, two readings are sufficient and plotting is unnecessary. Since tle 
blank transmission (Jo) does not change significantly during the reacti0l, 
the rate of increase in optical density (D) and, by Beer’s law, the rate @ 
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increase in oxidized dye concentration (C) are measured from the slope of 
the curve, as follows: 


AlogI AD (e(L)AC 


AT aT aT 








where 7 is in minutes. Reaction rates in this paper are expressed as A 
log I per minute unless otherwise stated. 
Enzyme activity in the conventional Qo, units, ul. of O2 per hour per mg. 
dry weight, is calculated as follows: 
AD per min. (60)(3)(11.2) AD per min. (70) 


Qo; = (29) (mg. dry weight of preparation) _ mg. dry weight of preparation 








where 29 is the value of (e)(L) for the dye and tubes used, and (60)(3) 
(11.2) converts uM per ml. per minute into yl. of gas per 3 ml. per hour. 


Testing and Application of Method 


Substrate System—The rate of oxidation of reduced cytochrome c itself 
can be used to measure oxidase activity (5, 6), but the coupled dye system 
appears to have several advantages. Preparation of the reduced dye is 
more convenient and the absorption peak of the oxidized dye is much 
broader than that of cytochrome c and more suitable for a filter instrument. 
The absorption measurement is also made at a much longer wave-length 
which avoids possible interference by other hemin compounds. In the 
Beckman spectrophotometer, where differences in the width of the absorp- 
tion bands have a minimal effect on the absorption coefficients, cytochrome 
chas a somewhat higher change in coefficient during oxidation on an equiva- 
lent basis (20 sq. em. per micromole) than the dye (15 sq. em. per mi- 
cromole). However, in rate measurements in the Beckman spectropho- 
tometer, the dye-coupled substrate system always showed rates (A log I 
per minute) equal to or greater than those of the cytochrome c system. 
The reason for this is not clear, although it niay be mentioned that when 
cytochrome c is used hydrogen reduction was never complete, and with 
dithionite reduction there was some question of enzyme inhibition by 
dithionite oxidation products. 

The same dye, 2,6-dichlorobenzenoneindo-3’-chlorophenol, used in 
the phenol oxidase (1) and peroxidase (2) methods, was chosen as the most 
suitable. The leuco dye concentration necessary to produce a maximum 
tate varied somewhat among homogenates of different tissues as indicated 
in Table I, but with all the preparations investigated 1 um of leuco dye in 
the 3 ml. of reaction mixture was sufficient for “saturation.” The rate 
of autoxidation was roughly proportional to the leuco dye concentration 
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and this was not appreciably different in the presence of heat-inactivated 
enzyme. 

As recorded in Table I, the tissue homogenates showed considerable 
variation with respect to the levels of cytochrome c required to produce g 
maximum rate. A partially purified heart muscle preparation gave 
Michaelis constant of 6 X 10 m cytochrome in this system, similar to 
that found by Stotz, Altschul, and Hogness (7) for the hydroquinone 
system, but homogenates varied considerably. Kidney homogenates were 
the only ones encountered which were not saturated by the 0.1 um of cyto- 
chrome c employed in the standard technique. 

Effect of pH and Salt Concentration—Cytochrome oxidase activity was 
found to increase to a small extent from pH 6.5 to 7.5, but at pH values 
above 7.0 autoxidation of the leuco dye became too rapid for practical use, 


TaBLe I 


Effect of Leuco Dye and Cytochrome c Concentrations on Cytochrome Oxidase Activities 
of Rat Organ Homogenates 


Rates expressed as A log J per minute. 





























Leuco dye, 35 mg. per cent/Cytochrome ¢, 2 X 1044 

Homogenates 
0.5 ml. | 1.0 ml. | 1.5 ml. |0.25 ml.| 0.50 ml.|0.75 mi, 
RP aS crete ee aoe ass see dal, cheese 0.28 | 0.29 | 0.29 | 0.31 | 0.38 | 0.37 
ME PS Ba i as alc ade OSs w ra vhs 0.48 | 0.51 | 0.52 | 0.72 | 0.97 | 1.01 
ee Lae ee re 0.28 | 0.38 | 0.41 | 0.40 | 0.47 | 0.4 
Nora a AB aye Strat 0.52 | 0.67 | 0.65 | 0.41 | 0.47 | 0.47 





A pH of 7.0 gives the full blue color of the dye and was adopted for the 
standard method. 

Oxidase preparations showed a more pronounced and characteristic 
response to salt concentration. Fig. 1 illustrates the effect of phosphate 
buffer and NaCl concentration on the activity of various preparations. 
All showed a distinct maximum at 0.06 to 0.07 m phosphate and at about 
0.11 m NaCl. Salt effects are not restricted to the system used in this 
paper. As early as 1912 Battelli and Stern (8) reported that the p-phenyl- 
enediamine-oxidizing system in brain mince increased about 35 per cent it 
activity with the addition of 0.1 to 0.17 m NaCl and that liver mince 
showed an optimal activity between 0.05 and 0.1m. Elliott and coworkers 
(9, 10) have found that the respiration of liver and brain homogenates also 
was optimal when hypotonic preparations were made up to 0.08 to 0.1 M 
NaCl. They attributed part of the effect to osmotic action on cell integrity 
and part to action on the enzymes themselves. Recent evidence (11), 
however, has indicated that homogenates of the type used are essentially 
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cell-free; hence presumably the oxidase effect observed and illustrated in 
Fig. 1 is mainly on the enzyme system. It seems clear that optimal 
activity of the cytochrome oxidase system depends upon an osmotic con- 
centration in the range of 0.08 to 0.12 mM, and m/15 phosphate buffer was 
adopted for routine use. 

Low concentrations of aluminum ions have been used in cytochrome 
oxidase assays (12, 13), but in the present system with either fresh or aged 
homogenates no stimulating effect of aluminum was found. 











1.20 

1,00 

800 
© oo 
E 
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4 .400 

200 © phosphate 

A NaCl 
| | = 
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0.05 0 
MOLAR SALT CONCENTRATION 


Fic. 1. The effect of salt and phosphate buffer on the activity of various cyto- 
chrome oxidase preparations. ©, phosphate buffer curves. Curve 1, kidney homo- 
genate; Curve 2, Keilin type of heart extract; Curve 3, ammonium sulfate-precip- 
itated fraction of cholate clarified, Keilin type of heart extract; Curve 4, heart 
homogenate; Curve 5, liver homogenate. A, NaCl curves. Curve A, Keilin type 
preparation; Curve B, heart homogenate. 


Relation of Enzyme Concentration and Rate of Reaction—Representative 
data in Table II show that under the standard assay conditions adopted 
reaction rates were directly proportional to enzyme concentration up to 
Alog J per minute values of at least 1.50. This was true of both whole 
homogenates of several tissues and of partially purified heart muscle 
preparations. Under the conditions of the test described, a A log J per 
minute of 1.50 appears to be the safe upper limit for rate measurements, 
since in several instances rates of 2.0 or higher fell below the linear curve 
relating enzyme concentration and rate. 
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Enzyme Preparation—The preparation and preservation of the homoge. | 3 
nate is critical in the assay of cytochrome oxidase. In our experience I 
optimal activities were reached after 2 to 3 minutes of homogenizing with di 
moderately tight fitting apparatus and with homogenate concentrations of 
of 3 to 15 per cent. Such homogenates of rat organs rarely showed g 
change in activity during the first 2 hours of standing at 0°. However, of 
after as little as 3 to 4 hours in some cases and consistently after standing r 
overnight, the activities increased or decreased depending on the tissue, he 
Six trials showed the following changes after 20 to 24 hours (average and si 
range): heart 60 (35 to 120) per cent increase; liver, 34 (20 to 39) per cent 

















decrease; large intestine, 27 (10 to 54) per cent decrease; lung, 30 (8 to 69) th 

as 

TaBLe II « 

Effect of Enzyme Concentration on Rate of Leuco Dye Oxidation Measured under th 
Standard Conditions ; 

R, actual velocity measured as change in optical density per minute (AD per min- . 

ute); Ri, calculated as the ratio of net velocity at the given enzyme concentration ce 

to that found at the relative enzyme concentration 5, the latter being arbitrarily to 

assigned the Ry value 5. 00 = bold- faced type). tis 

Rat heart | Rat kid | Rat live ra 

Relative enzyme henensualt Heart oxidase* | seuncagenate hecasetaiil in' 

concentration Ae Eo Saas ; | 7 ilk i a = 

R | & zr | ee] 2 bes > @ a th 

ts PIE a eater Pe | — re 
0 0.090¢ 0.048 | | 0.040+ g 0.0704 | é 

1 0.182 0.94 | 0.216 1.04 | 0.280 | 1.10 0.340 1.06 ‘ 

2 0.278 1.92 | 0.352 1.90 | 0.464 |; 1.94 | 0.630 | 2.11 . 

5 0.580 | 5.00 | 0.852 | 5.00 | 1.14 | 5.00 1.35 | 5.0 | ti 

10 1.06 9.90 | 1.64 | 9.85 | 0x 

* Keilin type of phosphate extract from pig heart. sh 

+ This autoxidation blank subtracted from subsequent values in column to give tes 

‘‘net velocity.” Ox! 

me 


per cent decrease; and kidney, 45 (34 to 57) per cent decrease. Brain | py 
homogenates were inconsistent in stability, but usually increased in activity | p9 
somewhat. These changes are avoided in practice by assaying homoge [gy 
nates within the 1st hour. me 

The stability of the diluted homogenates used in the colorimetric I | gop 
action is a more serious practical problem. Rat heart or liver homoge yg, 
nates, for example, when diluted from a 5 per cent suspension to 0.2 pet | pay 
cent, may lose 5 to 20 per cent of their oxidase activity in the first 5 minutes | 
at 30°. The rate of deterioration varies considerably with the preparatio | ing 
and is much slower at 0°. The tendency with these two tissues is for the | ye 
activity to become constant after 15 to 25 minutes at values of 50 to 7 ( 
per cent of the original. Attempts to stabilize these dilute homogenatess' | tg 
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30° with buffers, 0.5 per cent gelatin, or gum arabic were not effective. 
It is important therefore to carry out the assay as quickly as possible after 
diluting the stock homogenate at 30°. Further discussion of the problem 
of stability will appear later. 

Reducing Material—Any substances in the enzyme preparation capable 
of reducing the oxidized dye could result in apparently lower oxidation 
rates in the oxidase assay. The presence of reducing material in the 
homogenate can be shown by measuring dye reduction in a system con- 
sisting of buffer, oxidized dye, and enzyme. 

The rather difficult problem of measuring the rate of dye reduction, and 
therefore the extent of interference, which might occur during the oxidase 
assay Was approached as follows. The usual test system was employed 
except that oxidized dye was present in a concentration at least equal to 
that which might possibly be present at the time of the first measurement 
in an oxidase assay, and the rate of reduction was measured. This con- 
centration of oxidized dye was 0.25 X 10-4 m or some 10 per cent of the 
total dye employed in the oxidase assay. Under these conditions rat 
tissue homogenates gave reducing rates, expressed as per cent oxidizing 
rates, as follows: heart, 0 to 2; liver, 5 to 10; kidney, 2 to 10; brain, 5 to 15; 
intestine, 5 to 10; and lung, 10 to 15. There is reason to believe, however, 
that these estimates are too high. Thus it was found that the rate of 
reduction of a given amount of oxidized dye was less when a large propor- 
tion of reduced dye was also present, which is the situation in the oxidase 
assay. This was demonstrated with heat-inactivated oxidase prepara- 
tims and with blood which contains similar reducing material but no 
oxidase. Furthermore, a significant interference by reducing material 
should manifest itself by a non-linear rate of dye oxidation in the oxidase 
test, since the rate of dye reduction increases with the concentration of 
oxidized dye, and the latter does increase progressively during the oxidase 
measurement. Yet the same linear rates of dye oxidation were found with 
preparations high in reducing materials as with those low in reducing 
power. A small error in the oxidase assay with preparations containing 
large amounts of reducing materials was nevertheless indicated by experi- 
ments in which the tissue preparation was first incubated for 30 to 60 
seconds with a small amount of oxidized dye; cytochrome c and leuco dye 
were then added, and the rate of oxidation measured. With fresh homoge- 
hates of rat tissues the error due to reducing substances was considered to 
be too small to require correction, but the last method described for check- 
ing the extent of interference with other types of preparations is recom- 
mended. 

Comparison of Colorimetric Method with Manometric Method—In addition 
to the obvious advantages of speed and convenience of the colorimetric 
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assay it appears that the ability to perform the assay immediately after 
homogenization of the tissue leads to higher oxidase values than can be 
attained by the slower conventional manometric methods. Some differ. 
ences in oxidase activity as expressed by Qo, values may be expected due 
to the different cytochrome reductants used in the tests, but the principal 
differences between manometric and the colorimetric method seem to be 
due to the time element in measuring the oxidase activity. 

A variety of tissue preparations were studied both by the colorimetric 
method and by a manometric procedure similar to that described by Stot, 


TaBLeE III 


Comparison of Qo, Values Determined Colorimetrically and Manometrically and 
Oxidase Activity of Rat Organs 









































Qo, colorimetrically : : 
0 ~ manounetrically Qo, colorimetrically 
Tissue homogenate ——— 7 ‘ No. of i 
ie : deter | Mean | ant 
tions Range Mean Range Mean | tions 
RR te: 6 | 0.97-2.02 | 1.29 | 0.56-0.85 | 0.72] 11 | 244 | 15 
IN 5 ie a's ve ay s'iate 3 1.70-2.10 | 1.86 | 1.60-2.07 | 1.80 8 249 | 17 
el eee 3 | 1.46-1.75 | 1.58 | 0.67-0.83| 0.75] 8 | 162 | 13 
ee ere See 5 1.21-1.36 | 1.27 | 0.84-1.15 | 0.93 9 151 8 
Large intestine..... 5 | 1.58-2.75 | 2.30 | 0.98-1.84 | 1.46} 10 98 | 10 
i airh & cht hisce ied 4 1.05-1.47 | 1.33 | 0.62-1.17 | 0.90 10 38.8) 2.2 
Heart oxidaset..... 4 | 0.65-0.93 | 0.82 | 0.51-0.86 | 0.71 











* The ratios recorded under (a) are from colorimetric assays made immediately 
after homogenizing the tissue; those recorded under (6) from colorimetric assays 
made during the first 5 minutes of the manometric assay (see the text). 

¢ Standard error = </2Z(z — #)/n(n — 1). 

t Keilin type of phosphate extract from pig heart. 





(14), which employs hydroquinone as the reductant. The same pli, 
temperature, and concentrations of cytochrome c and phosphate buffer 
were employed in the two types of assay procedures. The results 0 
both assays were expressed as Qo, values, and the ratio of the colorimetne 
Qo, to manometric Qo, calculated. Ratio values less than unity must 
represent the difference in the reductants employed in the two methods, 


while values greater than unity most obviously represent the deterioration — 


of the oxidase preparations during the time necessary to set up the mano 
metric experiment. Actually two series of comparisons were used, ole 
(represented by (b) in Table III) in which the colorimetric assay was ml 
during the first 5 minutes of the manometric measurement, and the second 
(represented by (a) in Table III) in which the colorimetric assay was pel 
formed within a few minutes after homogenization and dilution of the tissue. 
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The former is therefore a comparison in which the efficiency of the re- 
ductants should be most evident; the latter includes an expression of the 
stability of the oxidase in the preparations and is more strictly a comparison 
of the two types of assay in practice. Table III illustrates the results of 
typical experiments. In the (6) comparisons it will be noted that the 
manometric assays show slightly higher Qo, values with most of the tissue 
homogenates, although kidney and intestine homogenates show greater 
activity in the colorimetric assay. In the (a) comparisons all the tissue 
homogenates, except the relatively stable heart oxidase preparation, show 
a considerably greater oxidase activity in the colorimetric assay, apparently 
due to the instability of the oxidase in diluted tissue homogenates. 

Table III also summarizes determinations by the colorimetric procedure 
on rat organs from unselected stock Wistar strain rats. The most striking 
difference in the relative oxidase activities of the tissues as determined 
by our method and by older methods (ef. Schneider and Potter (13)) is in 
the very high value found for kidney, although values for brain and liver 
are also somewhat higher. 

Micro Modification—The colorimetric method is easily reduced in scale 
to small volumes, thus the following technique for oxidase analysis of 
histological sections has been devised for rat heart. Concentrations of 
the reagents were kept the same as in the macromethod described, but the 
cytochrome c and buffer were combined to give fewer volume measure- 
ments. The reaction mixture consisted of 40 ul. of leuco dye, 40 ul. 
of 1 X 10~* m cytochrome c in 0.2 m phosphate buffer (pH 7.0), and 40 
ul. of enzyme preparation, and the rate measurements were carried out 
in a constant temperature room with micro cuvettes and a Beckman 
spectophotometer adapted according to Lowry and Bessey (15). Rate 
curves were found to be as satisfactory as in the macrotechnique. 

The tissue was prepared for testing by grinding frozen microtome 
sections, 2 mm. square and 10 yu thick, in 50 ul. of water in a small glass 
homogenizer. The chief difficulty was in preventing deterioration of the 
very dilute homogenate during grinding and subsequent work, which 
required that the grinder be kept ice-cold and that the assay be run as 
soon as possible after grinding. With this technique it was possible to 
measure the oxidase activity of slices weighing about 40 y satisfactorily; 
hence the technique might be useful for localization of cytochrome oxidase 
in particular cell structures as has been done by Linderstrém-Lang with 
arginase and peptidase. 


DISCUSSION 


The proposed colorimetric method for cytochrome oxidase has several 
advantages. It requires much less time than manometric methods, and 
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| 


is not only economical but also minimizes enzyme deterioration. It js | 


considerably more sensitive on the same volume scale, and at the same time 
is more easily reduced in scale; thus at rates measured with comparable 
precision the colorimetric method requires one-third to one-fourth as 
much enzyme as the manometric with a reaction time of } minute instead 
of at least 15 minutes. For the same reaction time, the sensitivity of the 
colorimetric method is about 100 times as great. The colorimetric meas. 
urements can be made in any photoelectric instrument of sufficient sengj. 
tivity at a substantially lower cost in apparatus. 

The relative oxidase activities of rat tissues as determined by the leuco 
dye method were somewhat different from those reported previously in 
which hydroquinone, ascorbic acid, or p-phenylenediamine were used as 
cytochrome reductants. Some of the differences are undoubtedly due to 
a greater instability of the oxidase in some tissue homogenates than others, 
but there were also variations among the other methods and no single 
reductant has an obvious theoretical advantage over the others, and each 
has its own practical advantages. It is not clear, in fact, why the added 
reductant should affect the rate, when it is present in excess, if its reaction 
rate with oxidized cytochrome c is not limiting, and if it or its oxidation 
product does not inhibit the enzyme. The latter is known to be a serious 
problem with hydroquinone, since the quinone is a powerful oxidase 
inhibitor. It is very unlikely that this is true of the leuco dye system, since 
large increases in the per cent of oxidized dye did not affect the rate as 
long as the system was kept saturated with leuco dye. In the colorimetric 
method only about one-sixtieth the concentration of the oxidized substrate 
is formed during the reaction as in the manometric method. 

Experience with the new method applied to rat tissue homogenates and 
various pig heart muscle preparations has pointed strongly to the de 
pendence of oxidase activity on the physical state of the particles with which 
it is associated. It has been shown at least with liver cells that the bulk 
of the oxidase is on the large granules (16, 17) and that the latter are very 
sensitive to changes in salt concentration as judged by microscopic appear 
ance (18). Earlier reports and our own studies might be interpreted 
that the salt effect was on the oxidase itself or on the physical state of the 
particles which may alter the efficiency of the whole complex of enzymes 
associated with these structures. Another line of corroborative evidence 
comes from the effect of bile salts on oxidase preparations. Unpublished 
work in this laboratory has shown that low concentrations of cholate and 
desoxycholate cause up to 100 per cent increase in oxidase activity 
determined either colorimetrically or manometrically. This effect seems 
to be correlated with the dispersing and clarifying action up to certail 
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cholate levels, but above these levels inhibition occurs. The character- 
istic changes in the activities of homogenates on aging may result from 
physical changes in the particles. In several cases with liver preparations, 
in fact, these changes have been shown to be reversible. Stock homoge- 
nates which had dropped 25 to 30 per cent in activity overnight were 
found to rise again on dilution to about the original level after a few 
minutes at 30°. 

The variation in relative oxidase activites among tissues with different 
substrates may also be associated with the physical state of the particles. 
Asa result of the marked salt effect on the oxidase, its instability, and the 
dependence of activity on the physical state of the enzyme, cytochrome 
oxidase determinations must be rigidly controlled and are as yet highly 
empirical. 


SUMMARY 


A colorimetric method for the rapid determination of cytochrome oxidase 
is described in which the substrate, cytochrome c, is kept reduced by 
leuco-2 ,6-dichlorobenzenoneindo-3’-chlorophenol, and the rate of oxi- 
dation is measured photometrically by the appearance of oxidized dye 
color. Under the conditions described the rate is linear for 30 to 60 
seconds and is directly proportional to enzyme concentration. 

Optimal levels of leuco dye and cytochrome c were determined and it 
was found that oxidase preparations showed a distinct salt effect with 
optimal activity at osmotic concentrations of 0.08 to0.12M. Investigation 
of the preparation and preservation of homogenates emphasized the neces- 
sity for speed for which the present technique is well adapted. Com- 
parison of manometric and the proposed colorimetric methods showed 
that considerable loss in oxidase activity may occur with the former. 
The new method, inherently more sensitive, has been further reduced in 
scale so that oxidase determinations may be made on small microtome 
sections of tissues. 
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It has been shown previously that glycolysis of mouse brain homogenates 
is impaired in a characteristic manner by a variety of apparently unrelated 
substances. Certain neurotropic viruses, proteolytic enzymes, and ferrous 
or zinc salts markedly inhibit the utilization of glucose under specific con- 
ditions (1,2). Because of the similarity between the effect of ferrous salts 
and that of proteolytic enzymes, the possibility was considered that a 
cathepsin-like enzyme may be present in mouse brain which is activated by 
iron salts and which in turn inactivates a glycolytic enzyme. Such an 
“inactivating factor’ requiring iron salts and a reducing agent such as as- 
corbic acid was found in repeatedly washed and dialyzed particles of mouse 
brain homogenates. The glycolytic enzyme most rapidly inactivated by 
this factor was identified as glyceraldehyde phosphate dehydrogenase. Ad- 
dition of crystalline preparations of this enzyme was found to restore glyco- 
lytic activity to mouse brain homogenates inactivated by either metal 
salts, neurotropic viruses, or proteolytic enzymes. 

| It was thought desirable to find a small molecular substance, either a 

| peptide or an amino acid derivative, which would compete with glyceral- 
dehyde phosphate dehydrogenase for the proteolytic enzyme (inactivating 
factor) and thus protect the glycolytic enzyme from inactivation. Since 
the inactivating factor of mouse brain showed similarities to cathepsin III 
with regard to its activation by reducing agents, L-leucinamide, the known 
synthetic substrate for this enzyme, was tested and found effective in pro- 
tecting glycolysis in the presence of iron salts. 

It is the purpose of this paper to report on the protective action of L- 
leucinamide and other amino acid derivatives on the glycolytic system of 
mouse brain and also to present further data on the iron-activated factor 

' of brain and its relation to cathepsin III purified from beef spleen. 


Methods 


The preparation of actively glycolyzing mouse brain homogenates and of 
the necessary coenzymes was carried out as described previously (1, 2). 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
903 
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Amino Acid Derivatives—Glycine ethyl ester and N-phenylglycine ethy| 
ester were commercially obtained preparations. The other esters of amino 
acids used in this study were prepared by treating the amino acids in ab. 
solute ethyl aleohol with dry HCl and evaporation of the esters to dryness 
in vacuo. The amide hydrochloride of t-leucine was prepared from jt 
ester (3) and recrystallized from alcohol-benzene. 

Commercially obtained amino acids as well as the esters and amides pre- 
pared from them contained iron salts as contaminants which were readily 
detectable by the a,a’-dipyridyl color reaction. To remove the iron salts, 
the amides were dissolved in water and treated with an excess of 8-hydroxy- 
quinoline which was then removed by repeated extraction with chloroform, 
The solvent was removed by evaporating the amide solution to dryness in 
vacuo. The iron salts were removed from the esters by the addition of 
equivalent amounts of calcium chloride and phosphate buffer at pH 78. 
The mixture was warmed to 80° and filtered (4). Occasionally a short 
treatment of the mixture with hydrogen sulfide was necessary to facilitate 
removal of the iron. 

Cathepsin III—The preparation of cathepsin III from beef spleen was 
carried out according to the method described by Fruton and Bergmann 


(5). The preparation was further purified by the following procedure: The — 


ammonium sulfate paste obtained by the method of Fruton and Bergmann 
(5) was dissolved and dialyzed against 1 per cent potassium chloride over- 
night. The precipitate which formed was removed by centrifugation and 
discarded. The supernatant was adjusted to pH 4.5, heated rapidly to 60° 
by placing it in a water bath at 80° with vigorous continuous stirring, and 
then maintained in a 60° water bath for 5 minutes. After rapid cooling 
the mixture was filtered and the precipitate discarded. 

No loss of activity occurred during this procedure. On the contrary, 
quite consistently an increase in total activity was obtained, probably due 
to the removal of an inhibitor. The supernatant was then dialyzed against 
1 per cent KCl at pH 4.5 for 3 hours with mechanical stirring and was agail 
centrifuged. The clear supernatant was fractionated with alcohol at -€. 


The fraction precipitated by alcohol concentration of 30 per cent was cok | 


lected. Occasionally it was observed that the fraction obtained between 
30 and 45 per cent alcohol concentration showed a higher specific activity 
than that of the 30 per cent alcohol precipitate. For most of the exper: 
ments described in this paper, the fraction precipitated at 30 per cent alco 


hol was used after dialysis for 1 hour with stirring against 1 per cent KC | 


at 2°. The preparations lose activity on storage even at 0°; however, they 


retain undiminished activity for several months when stored in a dry-itt | 


box at —70°. 
Inactivation Factor (IF)—In most experiments the preparations of the 








| 


ethyl | 
AMIno 
in ab- 
ryness 
Mm its 


28 pre | 
‘eadily 
1 salts, 
droxy- 
oform. 
ness in 
tion of 
HH 7.8. 
1 short 
cilitate 


en was 
‘gmann 
re: The 
rgmann 
le over- 
ion and 
y to 60° 
ng, and 
cooling 


ontrary, 
bly due 
| against 
as agail 
at —6. 
was Col 
between 
activity 
e expell- 
ent alco- 


ent KCl | 


ver, they 
2) dry-ice 


is of the 





Il. KRIMSKY AND E. RACKER 905 


inactivating factor used were obtained by homogenizing mouse brains in 10. 
volumes of 0.01 m potassium phosphate buffer of pH 7.4 at 0°, centrifuging, 
and washing the particles twice with the same buffer in the cold. The 
washed particles were suspended in one-fourth the original volume of the 
homogenate and 0.2 to 0.4 ml. was used to inhibit glycolysis. To remove 
iron salts the preparation was treated as described below. 

Determination of Enzymatic Activity—The enzymatic hydrolysis of amides 
of amino acids was measured by two methods. In earlier experiments the 
formol titration method (6) with phenolphthalein as indicator or potentio- 
metric measurements were used. Later a quantitative ninhydrin reaction 
(7) was employed to determine the hydrolysis of t-leucinamide. Since 
with this method both products of the hydrolytic reaction, t-leucine and 
ammonia, give the color reaction, the sensitivity of the reaction is nearly 
doubled. Corrections for residual t-leucinamide after hydrolysis were 
made. Since the amide gives only a small fraction of the color intensity 
obtained with either L-leucine or ammonia, the correction factor is small. 

The hydrolysis of the amino acid esters was followed potentiometrically 
(8), as will be described later in this paper. 


Results 


Properties of Inactivating Factor (IF) Present in Mouse Brain—In fresh 
mouse brain homogenates the factor which is responsible for the inhibition 
of glycolysis requires the addition of iron salts for its activation. All at- 
tempts to purify IF resulted at first in spontaneous activation, so that 
addition of iron salts was no longer necessary. Spontaneous activation of 
IF is probably due to the release of iron from tissue components. The 
spontaneous activation is reversible, since addition of iron salts is again 
required following dialysis against hydrocyanic acid at pH 6.5. To remove 
iron completely, dialysis for 4 to 5 days with frequent changing of the hydro- 
cyanic acid is required. The cyanide is then removed by further dialysis 
against 0.01 m potassium phosphate at pH 6.5. To reactivate preparations 
rendered iron-free by dialysis against cyanide requires addition not only of 
iron but also of cysteine or ascorbic acid (see Table I). Dialysis at neutral 
or slightly alkaline pH resulted in inactivation which was no longer reversed 
by the addition of iron salts and reducing agents. 

It has been shown previously (2) that, in order to obtain reproducible in- 
hibition of glycolysis by iron salts, a preliminary period of incubation of the 
brain homogenate in the presence of iron salts is required (20 minutes at 
38°). After this period, the coenzymes are added to start glycolytic ac- 
tivity. It can be seen from the data shown in Table I that IF prepared 
as described above, activated by iron salts and ascorbic acid, exertsa direct 
inhibitory effect on glycolysis without preliminary incubation of the brain 
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homogenate. Full activation of this cathepsin-like enzyme is achieved only 
by addition of both ferrous sulfate and ascorbic acid. Ferrous sulfate oy 
ascorbic acid alone does not fully activate the inactivating factor. Ferroys 
sulfate and ascorbic acid added without IF have little or no effect on gly. 
colysis of brain homogenates. 

Attempts at purification of IF did not yield consistent results. Sonie 
vibration, salt extraction, use of protamine, and lyophilization failed to 
yield reproducible preparations of soluble inactivating factor. 


TABLE I 
Effect of Ferrous Sulfate and Ascorbic Acid on Inactivating Factor 


0.3 ml. of brain homogenate in 0.01 m potassium phosphate of pH 7.4; 0.1 ml, 
of 0.24 m glucose; 0.1 ml. of 0.16 m KHCO;; 0.1 ml. of 0.2 mM ammonium phosphate 
of pH 7.6; 0.1 ml. of 0.07 mM MgCl.; 0.1 ml. of 0.01 m adenosine triphosphate; 0.1 ml, 
of 4 per cent nicotinic acid amide; 0.1 ml. of 0.8 per cent diphosphopyridine 
nucleotide (60 per cent purity). Incubated for 60 minutes at 38°. 0.1 ml. of 
0.005 per cent of ferrous sulfate-7H2O and 0.1 ml. of 0.15 per cent ascorbic acid 
neutralized before use were added to 0.2 ml. of the inactivating factor when 
indicated. 





a Lactic {Inhibition 
Tissue preparation Addition | acid | of 
produced | glycolysis 











mg. | per cent 
Brain homogenate | , orn 
“ “ | Ferrous sulfate ' a 
ss " , Ascorbic acid 2.0 9.0 
“ “ “ “ -b 2.0 9.0 
ferrous sulfate 

. ” + inactivating factor | Ferrous sulfate 1.75 | 20.0 
" " + = “ | Ascorbic acid 1.25 43.0 
“ “ + “ “ | “ “ + | 0.45 80.0 


ferrous sulfate 








Similarities of Inactivating Factor to Cathepsin III—The inactivating fae- 
tor of mouse brain has been shown to affect the enzyme proteins glyceralde- 
hyde phosphate dehydrogenase and phosphofructokinase (2). A proteo 
lytic change was considered, therefore, as one of the likely possibilities 
The hypothesis was further strengthened by the observation that certail 
proteolytic enzymes exert an effect similar to that of IF (2). Furthermore, 
preparations of the inactivating factor are stable when dialyzed at an acid 
pH but lose activity at an alkaline pH in a manner similar to the tissue 
cathepsins. In the studies of Fruton and Bergmann (5) the splitting 
synthetic substrates by cathepsins and the activation of these enzymes by 
either ascorbic acid or cysteine was used as a basis for classification. Thus, 
cathepsin I required neither cysteine nor ascorbic acid, cathepsin II required 
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donly | cysteine and was not activated by ascorbic acid, and cathepsin III could 
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be activated by either cysteine or ascorbic acid. The specific substrate 
used by Fruton and Bergmann for cathepsin III was t-leucinamide. 

The inactivating factor of mouse brain is activated by either cysteine or 
ascorbic acid and in this respect it resembles cathepsin II]. Furthermore, 
preparations of cathepsin III when added to normal mouse brain homoge- 
nate cause an inhibition of glycolysis similar to that observed with IF (2). 
For these reasons, a comparative study of cathepsin III and IF was carried 
out. 

Cathepsin III was purified from beef spleen as described above. The 
preparation still contained considerable amounts of bound iron which could 
not be removed on dialysis. The addition of a,a’-dipyridy]l to the cathep- 
sin preparation resulted in pronounced inhibition of L-leucinamide hydroly- 
sis. Inhibition by a,a’-dipyridyl has been used (9) to demonstrate activa- 
tion of enzymes by metals. Thus, a participation of metals in the activity 
of spleen cathepsin III is suggested by these results. 

Attempts were made, therefore, to remove the iron salts from the cathep- 
sin preparations. Successful removal of the iron salts was accomplished 
by dialysis against a,a’-dipyridyl and a reducing agent. The treatment, 
however, resulted in irreversible inactivation of the cathepsin and all at- 
tempts to reactivate the enzyme by means of iron salts and reducing agents 
failed. 

Effect of Amides and Esters of Amino Acids on Inhibition of Glycolysis by 
Ferrous Sulfate—Because of the similarities of cathepsin III and the inac- 
tivating factor of brain the effect of L-leucinamide on brain glycolysis was 
tested. It was hoped that a substance which is attacked as slowly as the 
synthetic amides might have an inhibitory effect on proteolysis by competi- 
tion for the enzyme and thus protect the glycolytic enzymes. It was found 
that addition of L-leucinamide to brain homogenate protected the glycolytic 
activity from the inhibition by iron salts. On the other hand glycylleucin- 
amide, leucine peptides, glutamine, and asparagine were found inactive. 
Benzoylargininamide, generally used as a substrate for trypsin, had only 
slight protective activity. Leucine ethyl ester and some other amino acid 
esters, on the other hand, were found to be fully as effective as L-leu- 
cinamide. A list of substances tested is shown in Table II. It may be 
noted that. N-phenylglycine ethyl ester was the most active of the com- 
pounds tested. 

The possibility was considered that L-leucinamide and the other active 
compounds might exert their protective effect by binding the iron and thus 
preventing its action. However, a 5-fold increase in ferrous sulfate con- 
centration did not alter the protective effect of L-leucinamide when the 
latter was used in suboptimal concentration. This finding makes it un- 
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likely that a direct interaction between iron salts and L-leucinamide is re. | 


sponsible for the protective action. Moreover, when cathepsin III was 
added directly to glycolyzing brain homogenates, a partial protection was 
obtained with t-leucine ethyl ester (Table III). 


TaBLe I] 
Protective Effect of Peptides, Amides, and Esters of Amino Acids on Glycolysis of 
Brain Homogenates 

The experimental conditions were as in Table I except that the brain homogenates 
were incubated for 20 minutes at 38° in the presence of 0.1 ml. of 0.24 mM glucose, 0,1 
ml. of 0.005 per cent ferrous sulfate-7H,.O, and the peptides, amides, and esters 
of the amino acids tested. After this preliminary incubation, the buffers and coen. 
zymes were added and the mixture reincubated for 60 minutes. 











Compounds tested Protective activity 
Sidiial —_——— |} —________—_. 
Peptides | Glycylglycine, leucylglycine | Inactive 
Glycylleucine, glycylserine 7 
Glycylasparagine 5 


Leucylglycylglycylglycine 
p-Alanylglycine 





| | 
Glutathione | Very active 
Amides | Leucinamide | Active 
| Benzoylargininamide Weakly active 
Glutamine, asparagine Inactive 
Malonamide | ’ Weakly active 
Urea Inactive 
Glycylleucinamide i ” 
Carbobenzoxyglycylleucinamide S 
Esters Leucine ethy! ester | Active 
Valine ethyl ester . 
Glycine ethyl ester | ag 
Glycylglycine ethyl ester " 
Cysteine ethyl ester " 
N-Phenylglycine ethyl ester Very active 


Unless specified the L-amino acid derivative was tested. We wish to thank Dr. 
M. Levy for his generous gift of the peptides listed and Dr. E. Smith for the glycyl- 
leucinamide and the carbobenzoxyglycylleucinamide. 


A similar though less pronounced protection of glycolysis by the same 
amino acid esters, among which N-phenylglycine ethyl ester was the most 
active, was obtained in brain homogenates of mice infected with Theiler 
FA mouse encephalomyelitis virus 

Esterase Activity of Cathepsin III Preparations—In using the esters d 


amino acids, it was hoped they would act as competitive inhibitors rather | 


than as substrates for the proteolytic enzymes. At the time these e& 
periments were in progress, Schwert, Neurath, Kaufman, and Snoke (8) 
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tivity in catalyzing the splitting of a-benzoyl-L-arginine methyl ester and 
provided convincing evidence for the amidase and esterase activity of 
trypsin. 

It was of interest, therefore, to test the possibility that the esters of the 
amino acids used in the present study might be split by cathepsin prepara- 
tions and thus act as substrates rather than as non-hydrolyzable competi- 
tive inhibitors. 

It was found that the crude brain homogenates as well as the purified 
cathepsin preparation readily hydrolyze t-leucine ethyl ester. The ester- 
ase activity tests were carried out with a Beckman model G pH meter, 
essentially as described by Schwert et al. (8). Citrate buffer in 0.005 m 


TaBLeE III 
Protective Effect of Leucine Ethyl Ester on Glycolysis by Brain Homogenates 
The experimental conditions are asin Table II. Addition of about 3 to 5 mg. of 
the purified cathepsin preparations was required to give pronounced inhibition of 


brain glycolysis. 0.3 ml. of a 1 per cent solution of leucine ethyl ester was added 
when indicated. 





Lactic [Inhibition 
Tissue preparation Addition acid | 
| produced pe. 





| 





| mg. per cent 
Brain homogenate | | 2.0 | 
=i - | Leucine ethyl ester | 2.0 
” " + ferrous sulfate | 0.8 | 60.0 
: ‘ ars . | Leucine ethyl ester | 1.5 | 25.0 
. 4 + cathepsin III | 0.45 | 77.0 
° bi + 7 | Leucine ethyl ester | 1.25 | 37.0 








final concentration was used at pH 5.3 as the null value. Ascorbic acid 
was always added to give a 0.04 m concentration. To test the effect of iron 
salts, 1.8 X 10-' m ferrous sulfate was added. ‘The substrate concentration 
was0.05m. With this excess amount of L-leucine ester the rate of hydroly- 
sis followed a zero order reaction and was proportional to the amount of 
enzyme added (see Fig. 1). The enzyme preparation of cathepsin III used 
in this experiment was purified as described above. 

This rapid and convenient test system was used to follow the esterase 
activity during purification. At several stages in the procedure compari- 
son of the esterase activity with the activity in splitting t-leucinamide was 
made. The esterase and the amidase activity were not separable by frac- 
tionation and the specific activity against both substrates was increased to 
the same extent during the process of purification. The pH optimum of 
the esterase activity is approximately 5.4 (see Fig. 2). The same optimum 
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is reported by Fruton and Bergmann for the amidase activity. The | 


Michaelis constant for the esterase activity with L-leucine ester as substrate 
is 1.1 X 10-*. Both the esterase and amidase activities are destroyed by 
temperatures above 60° but withstand this temperature for 5 minutes with. 
out apparent loss of activity. Both esterase and amidase are activated 
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Fig. 1. Esterase activity of cathepsin III preparations from beef spleen. Meas: 
urements as described in the text at pH 5.4; hydrolysis of leucine ethyl ester by 
various concentrations of cathepsin III; temperature 25°. 


by ascorbic acid. From this evidence it appears likely that cathepsin, it | 


analogy to trypsin (8), has esterase as well as proteolytic activity. How 
ever, in the case of cathepsin, definite proof for this is lacking, since the 
enzyme preparations are still impure. 


Substrate Specificity of Esterase—In the search for competitive inhibitors | 


of proteolysis in brain homogenate a number of esters were tested. Thest 
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esters were now tested as possible substrates for the cathepsin III prepay. 
tion. Of these, cysteine ethyl ester was found to be more rapidly hydro. 
lyzed than L-leucine ester. Glycine ethyl ester was also hydrolyzed by the 
cathepsin III preparation but at a slower rate. The other esters listed ip 
Table II showed little or no hydrolysis by the enzyme preparation. 

Esterase Activity of Brain Homogenates—Since the studies of glycolysis 
were carried out at pH 7.4, the effect of fresh mouse brain homogenates 
was tested at this pH on some of the amino acid esters. Cysteine ethy| 
ester was hydrolyzed most rapidly and L-leucine ethyl ester was split at 
about half the rate. The results are recorded in Fig. 3, and comparative 
data with spleen cathepsin are also shown. 





DISCUSSION 


It has been postulated (2) that the inhibitory effect of iron salts and cer. 
tain neurotropic viruses on glycolysis is due to the activation of a proteo- 
lytic enzyme present in brain homogenates. This hypothesis was based 
on similarities between the inhibitory effect of iron salts on glycolysis and 
that exerted by certain proteolytic enzymes. In either case it was possible 
to restore the glycolytic activity by addition of crystalline glyceraldehyde 
phosphate dehydrogenase. The evidence presented in this paper seems to 
strengthen further the hypothesis that the inhibition of glycolysis is due to 
proteolysis. The iron-activated factor purified from mouse brain homoge- 
nates is in several characteristics similar to a tissue cathepsin. It is stable 
at acid and unstable at alkaline pH and is activated by reducing agents 
such as cysteine and ascorbic acid. 

The latter observation led to a comparative study of the inactivating 
factor and cathepsin III, an enzyme purified from beef spleen by Fruton 
and Bergmann (5). Cathepsin III, like the inactivating factor of mouse 
brain, is activated by cysteine or ascorbic acid. The synthetic substrate 
used by Fruton and Bergmann for cathepsin II was t-leucinamide. It 
has been shown in the present study that L-leucinamide or t-leucine ethyl 
ester effectively protects glycolysis in the presence of ferrous sulfate or in 
the presence of cathepsin III, presumably by competing with the glyceral- 
dehyde phosphate dehydrogenase for the active center on the cathepsin. 

The sequence of events occurring in the inhibition of glycolysis in brain 
homogenates may be described as follows. Inhibition of glycolysis by fer- 
rous sulfate, neurotropic viruses, or added cathepsin is due to the destruc 


| 


—— 


tion of glyceraldehyde phosphate dehydrogenase which is the key enzyme | 
of coupled phosphorylation (2). In the case of added cathepsin III prep: | 


arations, it is believed that glyceraldehyde phosphate dehydrogenase is it- 
activated directly by the proteolytic action of cathepsin III. In the case df 
iron salts or the neurotropic viruses a factor present in homogenates 
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normal mouse brain is activated which then behaves like a cathepsin and 
destroys glyceraldehyde phosphate dehydrogenase. The action of some 
neurotropic viruses has been explained previously by the presence of con- 
siderable amounts of non-dialyzable iron in the purified virus prepara- 
tions (1). 

When tissues are homogenized for the purpose of metabolic studies the 
destruction of cells leads to disruption of the spatial relationship between 
enzymes and coenzymes and their substrates. Proteolytic enzymes are re- 
leased as well as enzymes capable of destroying coenzymes. This has been 
well recognized in the past few years. The destruction of coenzymes such 
as diphosphopyridine nucleotide, triphosphopyridine nucleotide, adenosine 
triphosphate, and flavin-adenine dinucleotide is known to account for many 
failures to obtain enzymatic activity in homogenates. Nicotinic acid amide 
can be used to protect the pyridine nucleotides and fluoride to delay the 
destruction of adenosine triphosphate. 

It has been shown in the present studies that in brain homogenates effec- 
tive protection for the protein substrate, the enzyme glyceraldehyde phos- 
phate dehydrogenase, can be obtained by the use of certain substrates or 
competitive inhibitors of low molecular weight. The protective effect of 
esters and amides of amino acids against the proteolytic destruction of a 
glycolytic enzyme is probably analogous to the inhibition of cozymase de- 
struction by nicotinic acid amide. While some of the esters and amides 
seem to be destroyed during the process, others, such as phenylglycine 
ethyl ester, are not hydrolyzed. Perhaps this fact explains why the latter 
compound is effective in much lower concentration than t-leucine ester 
which is itself hydrolyzed. 

The specificity of the protective effect of certain amino acid esters and 
amides is difficult to appraise at the present time. The structural resem- 
blance between some of the active compounds is remote, while other more 
closely related compounds are inactive. Further study, it is hoped, will 
determine whether or not the protective effect of the various esters is due 
to protection of the same or of different structures of the protein molecule. 

Some of the esters which protect the glycolytic process from inactivation 
by spleen cathepsin or from the iron salt inhibition are also effective in 
partially protecting against the inhibition observed in homogenates of the 
brains of mice infected with Theiler FA mouse encephalomyelitis virus. 
The investigations described in this and previous papers were carried out 
with the purpose of shedding light on the mechanism of neuron destruction 
during infection by certain neurotropic viruses. Jn vitro studies showed 
inhibition of glycolysis in the presence of virus which was traced to the de- 
struction of the enzymatic activity of glyceraldehyde phosphate dehydrogen- 
ase. Circumstantial evidence points to activation of a proteolytic enzyme 
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by the virus, although it should be emphasized that final proof for a proteo- 
lytic process is lacking. It is hoped that the protection by the amino acid 
esters, if a more effective competitive inhibitor can be found, may serve ag 
a tool for appraising the rdle which the inhibition of glucose metabolism 
plays during the infectious process. 


SUMMARY 


1. The glycolytic activity of mouse brain homogenates is inhibited by 
an inactivating factor present in normal brain. This factor requires Fe++ 
and either cysteine or ascorbic acid as activators. 

2. Asimilar inhibition of glycolysis is produced by cathepsin III purified 
from beef spleen. 

3. The inhibition of glycolysis produced by either a cathepsin III prep- 
aration or the inactivating factor of brain is prevented by the addition of 
certain amides and esters of amino acids. 

4. Cathepsin III preparations as well as homogenates of mouse brain 
hydrolyze the ethyl esters of t-leucine and L-cysteine. 
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MICROESTIMATION OF a-AMINO ACIDS WITH peri-NAPH- 
THIN DAN-2,3,4-TRIONE HYDRATE 
By RADWAN MOUBASHER anv WILLIAM IBRAHIM AWAD 
(From the Faculty of Science, Fouad Ist University, Cairo, Egypt) 


(Received for publication, December 27, 1948) 


When free a-amino acids are heated with triketohydrindene hydrate 
(ninhydrin) (I) in neutral or slightly acidic medium, there are formed the 
corresponding aldehydes with 1 carbon atom less, ammonia, carbon dioxide, 
and diketohydrindylidenediketohydrindamine (II) (cf. Ruhemann (1)). 


O 
| 
C OH 
a 
Cc + R—CH—COOH — R—CHO + CO, + 3H,0 
Wal \ | 
Cc OH NH, 
| 
0 
(D 
O O 
| | 
Cc C 
+ D aati. 
Nec Cc 
| | 
O O 
(II) 


Recently, Moubasher and Mostafa (2) found that the reaction between 
ninhydrin and a-amino acids proceeds differently from that mentioned 
above, as two different compounds have been isolated, namely hydrindantin 
(IV) and bis-1 ,3-diketoindane (V), according to the accompanying scheme. 

Virtanen, Laine, and Toivonen (3) have described a quantitative method 
for the estimation of a-amino acids in protein hydrolysates based on the 
quantity of aldehyde liberated by means of ninhydrin. A method for the 
determination of free a-amino acids by titration of the carbon dioxide 
formed in the reaction with ninhydrin has been described by Van Slyke, 
MacFadyen, and Hamilton (4). It was also found that isatin in glacial 
acetic acid and chloramine-T at pH 2.5 may be used in place of ninhydrin 
(of. Van Slyke, Dillon, MacFadyen, and Hamilton (5)). 
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Moubasher (6) has used peri-naphthindan-2,3,4-trione hydrate (VI) 
as a new reagent for the quantitative determination of a-amino acids, as 
this reagent is able to decompose the a-amino acids quantitatively to 
the next lower aldehyde with 1 carbon atom less with the formation of 
ammonia, carbon dioxide, and dihydroxy-peri-naphthindenone (VII). 


O 
| 
C H 
™~ 
( + R—CH—COOH — C + R—CHO + NH; + CO, 
| Ryn 
NH; rl OH 
O 
(I) 
. Z 
. OH one/ 
\ 
(dv) 


(Iv) + 2R—CH—COOH — 2R—CHO + 2CO, + 2NHs + 


NH; 
OH 0 
| | 
e : 
2H,0 + ete 
a cf 
0 OH 


(V) 


Wertlind (7) has developed a method for the microestimation of valine 
by its degradation with ninhydrin to isobutyraldehyde. The aldehyde is 
steam-distilled and then determined colorimetrically by Fabinyi’s reagent 
(8). It is not stated in Wertlind’s paper whether the Fabinyi reaction is 
given by the volatile aldehydes arising from other amino acids. We 
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have found that acetaldehyde, isovaleraldehyde, and benzaldehyde, which 
are formed through the degradation of alanine, aspartic acid, leucine, and 
phenylaminoacetic acid respectively, give Fabinyi’s reaction. 

In the present work it is shown that peri-naphthindan-2,3,4-trione 
hydrate may be used in place of ninhydrin for the degradation of alanine, 
valine, leucine, aspartic acid, and phenylaminoacetic acid, to their corre- 
sponding aldehydes with 1 carbon atom less according to the accompany- 
ing scheme (cf. Schénberg, Moubasher, and Mostafa (9), Moubasher (6), 
Moubasher and Awad (10)). 


O 

| OH 

C 

ye + R—CH—COOH — 
- 

| OH NH, 

O 
(VI) 


0 
| 


C 
Sc—on + R--CHO + NH; + CO, 
_A 


| 
OH 


(VI) 


In order to avoid possible loss of the distilling aldehyde, this quantitative 
degradation of a-amino acids to the corresponding aldehydes and the 
steam distillation are carried out in one apparatus in place of the two 
used by Wertlind. The apparatus is similar to that described by Virtanen 
eal. (3). The procedure may be adapted to the microestimation of the 
aldehydes mentioned above. 


EXPERIMENTAL 


Apparatus— 

1. Universal colorimeter (Ernst Leitz), illuminated by its ordinary elec- 
tric lamp. 

2. Micro pipette of 1 cc. capacity. 

3. Reaction and distilling apparatus. A distillation flask (A) (10 ee. 
capacity) is attached to a separatory funnel (B) by a ground joint. The 
neck of the distilling flask is adapted with a capillary tube (C) by means of a 
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ground joint, through which a continuous current of carbon dioxide js 
passed during the reaction. D is a bulb condenser attached to the neck of 
the flask through a ground joint. £ is a bulb fitted to the condenser by 4 
ground joint, the end of which is dipped in a test-tube (F), strongly cooled 
from the outside by an ice-salt mixture. 

Reagents— 

1. Citrate buffer (5), pH 4.7. Grind together 17.65 gm. of NajCsH,0;-- 
2H,O and 8.4 gm. of CsHs07-H20 to a fine powder. 
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Fie. 1. Distillation apparatus 


2. A solution of freshly crystallized peri-naphthindan-2,3 ,4-trione bhy- 
drate; 0.1 gm. per 100 ce. of distilled water. 

3. a-Amino acid solutions of the concentrations stated in Table I. 

4. Fabinyi’s reagent. (a) 16 cc. of freshly distilled salicylaldehyde 
made up to 250 cc. with absolute alcohol. (b) Exactly 10.5 n sodium 
hydroxide solution. 

Purification of peri-Naphihindan-2 ,3 ,4-trione Hydrate—The compound 


(prepared by Errera (11)) is dissolved in a minimum amount of hot water _ 


and ascorbic acid is added to complete the precipitation of dihydroxy- 
peri-naphthindenone (cf. Moubasher (12)). The precipitate is filtered off, 
washed with a few ec. of hot water, suspended in a few ce. of distilled water, 
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and treated with a saturated solution of bromine water. The color of the 
substance fades to a light yellow. Sufficient distilled water is then added 
and the suspension is boiled until the solid dissolves. The solution is 
filtered while hot, and the filtrate is concentrated in the presence of 2 
drops of bromine water and left to cool. Almost colorless needles are 
obtained, m.p. 270°. 


Procedure 


50 mg. of the solid buffer are placed in the flask (A). 1 cc. of the a-amino 
acid solution and 1 ce. of the peri-naphthindan-2 ,3 ,4-trione hydrate solu- 
tion are added. Carbon dioxide is allowed to pass through for about 2 
minutes and then heating is carried out until half of the solution distills 


TaBLe I 
Estimation of Amino Acids with peri-Naphthindan-2, 8, 4-trione Hydrate 

















Equiv- | c ‘Reading|C 
a |Amaane Reine nen at Gen 
uan- 
on a ws | tity of distilled rong stand- ; <a [distilled pend 
acid | corre- | alde- | hyde ard alde- | a > le shee. 
oan | spond- | hyde ssbetion alde- | hyde | ite } 
ling alde- solation| (Rs) hyde jsolution'solution 
hydes | (Ci) (Ri) | (C2) | 
PRE es, Pee res, lef — a Se ee 
7 | 7 cc. | ees c.| 5 i 
Mbed ht 38.902 | 240/147 | 2 | 38.8) 3 31.5 | 30° | 150 
Leucine . oe -..| 250 | 163.8 4 | 20 ~~ 2; 23 | 62.3 | 155.7 
Phanyliminoacetic acid...... 200 154.6 3 | 32.0) 41. 6 | | 35.4 | 46 153.3 
Aspartic acid S33 200 «(66 3 | 34.6 | 41 | 17.2 | 20.4 68 
Alanine...... 200 98 3 35.9 | 41 | 24.5 | 27.9 93 


off. The color of the solution is orange at first, changing to red and lastly 
pink. Distilled water (4 cc.) is added during the distillation through the 
separatory funnel (B) in order to transfer the last traces of the aldehyde 
formed to the receiver. 

The distillate is diluted to 10 cc. with distilled water. A known amount 
(ef. Table I) of this solution is treated with Fabinyi’s reagent (2 ec. of 
sodium hydroxide solution and 1 cc. of salicylaldehyde solution). The 
mixture is placed in a water bath at 50° for 70 minutes, the orange-red 
color is developed, and the solution is cooled for 10 minutes and read 
against a solution of known concentration of the corresponding aldehyde 
treated with Fabinyi’s reagent under the same conditions. The color is 
stable for 24 hours. The reading is carried out with the Universal color- 
imeter. 

By the application of the equation, Ri/R: X C; = C2, the results recorded 
in Table I were obtained. Ri = reading of the standard aldehyde solu- 
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tion; R, = reading of the distilled aldehyde solution; C; = concentration 
of the standard. aldehyde solution; C. = concentration of the distilled 
aldehyde solution resulting from the equation. 


SUMMARY 


1. peri-Naphthindan-2 ,3 ,4-trione hydrate is used in the microestimation 
of the following a-amino acids: alanine, aspartic acid, valine, leucine, and 
phenylaminoacetic acid. 

2. Fabinyi’s reaction is given by acetaldehyde, isovaleraldehyde, and 
benzaldehyde and these aldehydes may be estimated colorimetrically. 
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DIRECT UTILIZATION OF MALTOSE BY ESCHERICHIA COLI* 
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and JOSHUA LEDERBERG 
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In the course of genetic studies, a mutant strain of Escherichia coli was 
developed which is characterized by rapid fermentation and oxidation of 
maltose but not of glucose. Since this mutant offered an excellent oppor- 
tunity to investigate the so called direct utilization of disaccharides (1), a 
study of the enzyme systems involved in maltose decomposition was under- 
taken. 

Experiments with dry cell preparations from the mutant strain led to the 
conclusion that maltose is initially transformed to polysaccharide and 
glucose. This reaction is followed by the phosphorolytic decomposition 
of the polysaccharide and the usual sequence of glycolytic steps. While 
the work was in progress, Monod and Torriani reported the discovery of a 
polysaccharide-forming enzyme in E. coli which they called “‘amylomal- 
tase” and described a method of separating it from other enzymes involved 
in fermentation (2). They showed that neither phosphate nor glucose-1- 
phosphate is involved in the transformation of maltose to polysaccharide 
and that the enzyme is adaptive in nature, being formed only when mal- 
tose is used as substrate for the bacteria. They represent the action of 
“amylomaltase’”’ on maltose by the following equation: 


n maltose — n glucose + [glucose], 


Monod and Torriani further found that, if the glucose is removed as it is 
formed in the reaction, the polysaccharide produced is of the “starch” 
type, giving a blue complex with iodine. If, on the other hand, the glucose 
isallowed to accumulate, no product giving a blue color with iodine appears. 

The work presented in this paper deals with the integration of the action 
of amylomaltase with other metabolic processes of the cell. We have 
demonstrated that the reaction catalyzed by amylomaltase is reversible 


*Supported in part by grants from the Corn Industries Research Foundation, 
the California State Fund for Cancer Research, and from the Wisconsin Alumni 
Research Foundation and the Rockefeller Foundation. 
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and that the polysaccharide formed is phosphorolytically decomposed to 
glucose-l-phosphate. The reversibility of the reaction probably accounts 
for the low molecular weight of the polysaccharide formed in the presence 
of glucose. By taking advantage of this observation, short chain reducing 
dextrins have been produced from maltose, and maltose itself has beep 
synthesized from glucose and glucose-1-phosphate.! 

Amylomaltase appears to belong to the same group of enzymes for 
which we have proposed the name ‘‘transglycosidases” (3) and which in- 
cludes the dextran- and levan-forming enzymes of certain bacteria and the 
sucrose phosphorylase of Pseudomonas saccharophila. It is probable that 
this type of enzyme plays an important rdle in the biological decomposi- 
tion and synthesis of various carbohydrates. 


Materials and Methods 


The bacteria used in these experiments are all derived from Escherichia 
coli strain K-12. Strain Y-10 is a nutritional mutant requiring threonine, 
leucine, and thiamine, but fermentatively normal. Strain W-108 was 
isolated from populations of Y-10 treated with ultraviolet light on the 
indicator medium, eosin-methylene blue-lactose agar. This mutant is 
substantially unable to ferment lactose, glucose, or maltose. When large 
populations of W-108 were inoculated into a maltose synthetic medium, 
secondary mutations restoring the capacity to ferment this sugar were 
selected. For the most part, they proved to be reverse mutations to the 
Y-10 type, but one strain, W-327, was isolated which remained lactose- 
and glucose-negative, although maltose-positive. Genetic tests on W-327 
showed that its ability to utilize maltose was derived from a mutation at 
a locus different from that involved in the mutation from Y-10 to W-108 
(4). 

The bacteria (strain W-327) were grown on a rotary shaker in a medium 
containing | per cent peptone, 0.3 per cent beef extract, 0.5 per cent NaC, 
and 0.5 per cent maltose. Dry cell preparations were made according to 
the method of Lipmann (5), the bacteria being harvested after 12 to 18 
hours of growth and dried in vacuo over P2Os. For enzymatic studies, 
suspensions of the dry cells were usually made in 0.1 m NaHCO; saturated 
with CO, and incubated in an atmosphere of CO, at 30°. In the present 
work, no attempts were made to separate or purify the various enzymes 
involved in maltose metabolism. 

Determinations of reducing sugar were carried out with the method 
Hassid (6). Glucose was estimated from the decrease in reducing value 
after fermentation with Torula monosa. Maltose was determined from 
the difference between reducing values obtained after fermenting first with 


! Since the preparation of this manuscript, Torriani and Monod have shown the 
reversible nature of the amylomaltase reaction (14). 
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suspensions of 7’. monosa and then with Saccharomyces cerevisiae. For 
these tests S. cerevisiae was grown on yeast extract-maltose agar. Since 
there is some evidence that low molecular weight dextrins may be slowly 
attacked by S. cerevisiae, the fermentation was not allowed to proceed for 
more than 20 minutes after the rapid evolution of CO, had ceased. Even 
under these conditions, it is probable that the values for maltose when 
present together with dextrins may have been too high. 

Phosphoric esters of sugars were identified and estimated quantitatively 
by the methods described by Umbreit et al. (7). 


EXPERIMENTAL 
Utilization of Maltose by Intact Resting Cells 


The rates of oxidation and fermentation of maltose and glucose respec- 
tively were determined with resting cell suspensions in a Warburg respirom- 
eter. The bacteria were grown in yeast-maltose medium, and washed 
and suspended in 0.03 m phosphate buffer at pH 6.8 for experiments on res- 
piration and in 0.1 M NaHCO; for studies on fermentation. Oxygen up- 
take was determined in air, while fermentation was measured as CO: pro- 
duction from bicarbonate in an atmosphere of CO:. 

In a typical experiment the following rates were observed: 


Fermentation Oxygen uptake 
Endogenous 3 c.mm. COs per 5 min. 4 ¢.mm. per 5 min. 
0.025 m glucose $F iF oo ae ? ara 
0.0125 “ce maltose 26 “ “ “ 5 “ 17 “ “ 5 “ 


To determine whether the entire maltose molecule is fermented, a heavy 
suspension of bacteria was allowed to ferment the sugar in a bicarbonate- 
phosphate mixture in an atmosphere of CO:. Determinations of residual 
maltose and tests for glucose were made periodically. The rate of mal- 
tose disappearance was found to be quite constant and no appreciable 
quantity of glucose could be detected at any time in the medium. The 
results can be summarized as follows in mg. per ml.: maltose initially pres- 
ent, 3.6; maltose after 45 minutes at 30°, 2.4; maltose after 90 minutes at 
30°, 1.2; maltose after 135 minutes at 30°, 0.1; maltose after 180 minutes 
at 30°, 0.0; and glucose, less than 0.1 mg. at any time. 


Maltose Fermentation with Dry Cell Preparations 


Dry cell preparations were found to carry out a vigorous fermentation of 
maltose. They also showed varying rates of endogenous fermentation, 
which presumably involves the decomposition of reserve carbohydrate. 
The rate of glucose fermentation was not appreciably higher than the en- 
dogenous rate. Fermentation was almost completely inhibited when either 
fluoride or iodoacetate was added. Since glucose-1-phosphate was thought 
to be a probable intermediate in the decomposition of maltose, the rate of 
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fermentation of this compound alone and together with glucose was also 
tested. The observed high rate of fermentation of glucose-1-phosphate 
was in agreement with the hypothesis that this phosphoric ester is involved 
in maltose fermentation. The results are shown in Table I. Glucose 
accumulated in the medium during the fermentation of maltose by dry 
cell preparations, a phenomenon which was not observed with intact cells, 


TABLE | 
Fermentation of Sugars by Dry Cell Preparations of E. coli W-327 
1.4 ml. of 3 per cent dry cell preparation in 0.1 m bicarbonate, 0.01 m phosphate, 


at pH 6.8, incubated in an atmosphere of CO, at 30°. Experiments 1 and 2 were 
per formed with different batches of dry cells. 





Experi- | onde 
meat | Substrate Other additions from bi- 
| carbonate 
ye per 5 min, 
oe sat 
1 | None 8 
| 0.05 Mm glucose 1] 
| 0.025 ‘‘ maltose 49 
a" * | 0.001 m iodoacetate 2 
0.025 “ “3 | 0.05 ‘“ fluoride 6 
2 None 2 
0.05 mM glucose 5 
0.025 ‘‘ maltose | 31 
0.025 ‘‘ glucose + 0.025 m glucose-l-phos- | 31 
phate 
0.05 m glucose-1-phosphate | 50 


In unpublished studies with Lactobacillus bulgaricus it had previously 
been shown that glucose was not fermented rapidly by dry cell preparations 
of bacteria grown with lactose as substrate. However, the addition of a 
small amount of lactose or galactose caused not only the fermentation of 
these sugars, but also a subsequent rapid fermentation of glucose. To 
learn whether a similar situation occurs in the fermentation of maltose by 
preparations of strain W-327, minute amounts of maltose were added to 
gether with a large quantity of glucose. In all cases, rapid fermentation 
was observed only for a short time and the amount of CO, evolved was 
proportional to the amount of maltose added. This indicates that mal- 
tose does not act as a “starter” for glucose utilization by such dried prep- 
arations. 

It could be shown that phosphate is esterified during the fermentation 
of maltose. However, in the absence of metabolic inhibitors, the uptake 
of orthophosphate was not very great, and usually somewhat irregular. 
In the absence of substrate or in the presence of glucose, phosphate was 
also esterified but at a considerably lower rate. When fluoride, and & 
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pecially when iodoacetate, was added together with maltose to the bac- 
terial preparations, a very significant uptake of orthophosphate was 
observed. Under similar conditions, little or no esterification occurred 
without substrate or with glucose (see Table IT). 

In experiments in which glucose-1-phosphate was added to the dry cells 
it was found that this compound disappeared very rapidly, while glucose- 
6-phosphate, fructose-6-phosphate, and a polysaccharide which gave a 
brown to blue color with iodine appeared in the medium. This indicates 
that phosphoglucomutase, phosphohexoisomerase, and a phosphorylase 
similar to those found in muscle and potato are present in the bacteria. 
It is known that fluoride interferes with the enzyme phosphoglucomutase 
which converts glucose-l-phosphate into glucose-6-phosphate. It was 
therefore expected that the addition of fluoride, but not of iodoacetate, 
would decrease the rate of conversion of glucose-1-phosphate to other esters, 
and consequently increase polysaccharide formation. This was found to 
be the case with the dry cell preparations. 


Polysaccharide Formation from Maltose 


When dry cell preparations treated with iodoacetate to prevent fer- 
mentation were allowed to act on maltose in the absence of added phos- 
phate, glucose and polysaccharide were produced rapidly. In some exper- 
iments, approximately 1 mole of glucose was formed per mole of maltose 
decomposed. ‘This is in agreement with the postulated equation for amyl- 
omaltase action. In most experiments, however, the ratio was found to 
be somewhat less than unity, but in no case less than 0.76. It is possible 
that errors in the determination of maltose and of polysaccharide, some 
sources of which have already been mentioned, may have contributed to 
the low ratios. However, a perfectly reasonable explanation for such re- 
sults lies in the nature of the polysaccharide produced in the presence of 
glucose. This will be discussed later in the paper. 

The polysaccharide produced from maltose did not give a blue color with 
iodine. This was in agreement with Monod’s observation that iodine- 
colored polysaccharide is not formed if glucose is allowed to accumulate 
during the reaction. The following experiment was carried out to eluci- 
date the nature of the polysaccharide produced under these conditions. 
40 ml. of a mixture containing approximately 3 per cent dry cells, 0.1 
“ NaHCOs, 0.002 m sodium iodoacetate, and 0.2 m maltose were incubated 
at 30° for 180 minutes in an atmosphere of CO2. The reaction was stopped 
by the addition of trichloroacetic acid to a concentration of 6 per cent. 
The precipitate was extracted with 6 per cent trichloroacetic acid and the 
supernatants combined. The supernatant solution was passed through 
ion exchange columns and concentrated by vacuum distillation. It was 
then analyzed for free glucose, maltose, and total glucose released by acid 


1 aii, — 
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hydrolysis. The following results were obtained in micromoles per ml.: 
initial maltose, 192 + 2; maltose decomposed, 114 + 3; free glucose pro- 
duced, 112 + 2; and glucose as polysaccharide, 116 + 3. 

The major portion of the solution was then fermented with S. cerevisiae 
to remove maltose and glucose, again passed through ion exchange cdl- 
umns, and evaporated to dryness under a vacuum. The remaining mate. 
rial was separated into three fractions on the basis of solubility in alcohol, | 
A minor fraction (No. 1) (100 mg.), soluble in hot absolute alcohol, was 
syrupy and could not be properly characterized. Fraction 2, soluble in hot 
95 per cent alcohol but not in absolute alcohol, and the remaining material, 
which was insoluble in 95 per cent alcohol but soluble in hot 85 per cent 
alcohol, contained most of the polysaccharide. 300 mg. were recovered 
in Fraction 2 and 220 mg. in Fraction 3. Both Fractions 2 and 3 were 
white solids and consisted almost entirely of short chain reducing dextrins. 
Neither substance formed an insoluble osazone. 

Fraction 2 had a reducing value to alkaline ferricyanide corresponding 
to 44.7 per cent of an equivalent amount of glucose. Acid hydrolysis of 
this material yielded 87.5 per cent of the theoretical amount of glucose, 
while hydrolysis with B-amylase resulted in its breakdown chiefly to mal- 
tose (83.7 per cent of the theoretical reducing value). Glucose and mal- | 
tose were identified by their characteristic osazones. Oxidation with | © 
hypoiodite indicated that, on the average, 1 out of 4 glucose units of this | t 
dextrin possessed a free carbonyl group. Assuming one reducing group | . 
per molecule, the average molecular weight of the substance was found to | 
be 675 by this method. The theoretical value for an unbranched dextrin | ® 
of 4 glucose units is 664.3. Its specific rotation (c, 2 per cent) in water was | 
[aly = +145°. The average molecular weight of the acetylated material | 
as determined by Niederl and Niederl’s modification of Rast’s method (8) | 





a 3 cos fs @&®) oo *s' BS gc = 35 


—_ Co oo 


was found to be 1215 (theoretical for 4 glucose units, 1255). 

Fraction 3 had a reducing value corresponding to 42 per cent of an equal _ : 
amount of glucose and gave yields of 90.7 per cent of the theoretical amount 
of glucose or 89.4 per cent of maltose when hydrolyzed with acid or with 3 
B-amylase respectively. Its specific rotation in water (c, 2 per cent) was 6 


+162°. Oxidation of the compound with hypoiodite (9) indicated thatit |» 
consists of 6 or 7 glucose residues having a molecular weight of 1110. The F 
theoretical values for unbranched dextrins of 6 and 7 glucose units respet- 
tively are 990 and 1152. The average molecular weight of the acetylated | , 
product was found to be approximately 1400, with some decomposition | 
occurring during the determination. The theoretical values for acetylated | ‘ 
unbranched dextrins of 5 and 6 glucose units are 1543 and 1831 respe | 

tively. D 
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Phosphate Esters Produced in Decomposition of Maltose 


In the presence of maltose, added inorganic phosphate was esterified at 
a rate considerably lower than that of the decomposition of the disaccha- 
ride. The phosphorolytic nature of this esterification was indicated by 
the fact that the addition of fluoride and iodoacetate did not prevent the 
uptake of phosphate. To determine the nature of the phosphate esters, 
90 ml. of a 3 per cent bacterial suspension containing 0.2 M maltose, 0.1 m 
NaHCO;, 0.083 m Sgrensen phosphate buffer at pH 6.8, and 0.002 m so- 
dium iodoacetate were incubated for 240 minutes at 30° in an atmosphere 
of CO2. Enzyme action was stopped by the addition of trichloroacetic 
acid and the phosphate esters precipitated with barium. 93 per cent of 
the esterified phosphorus was recovered in the barium-soluble fraction 
and was composed almost exclusively of glucose and fructose monophos- 
phates. The amounts of the three principal products of the reaction, de- 
termined by the usual methods and corrected for values obtained in the 
absence of maltose, were found to be 3.4 uM per ml. of original digest for 
glucose-1-phosphate, 21.2 for glucose-6-phosphate, and 4.4 for fructose-6- 
phosphate. 

Determinations of reducing values and of the rate of hydrolysis of the 
esters with acid were in agreement with these values. The formation of 
the three esters again indicated the presence of a phosphorylase, together 
with phosphoglucomutase and phosphohexoisomerase in the bacterial prep- 
arations. In experiments of short duration in which iodoacetate was 
employed to inhibit the fermentation of maltose, the addition of fluoride 
decreased the rate of phosphate uptake slightly but increased greatly the 
ratio of glucose-1-phosphate to the other esters. 

Before Monod’s successful separation of amylomaltase, it seemed possi- 
ble that one or two phosphorolytic enzymes might be involved in the trans- 
formation of maltose to polysaccharide. Even after the demonstration that 
glucose-1-phosphate is not an essential intermediate in this transformation, 
the mechanism of the formation of the phosphate esters remained to be 
elucidated. Maltose, itself, or the polysaccharide, or both compounds 


| might undergo phosphorolytic cleavage by one or more enzymes. Several 


aposition | 


retylated | 


1 respec 


lines of evidence, however, indicate that phosphorolysis is involved not in 
the primary decomposition of maltose but only in the decomposition of the 
polysaccharide produced from maltose. Briefly summarized, this evidence 
consists of the following observations. 

1. The rate of breakdown of maltose and of the production of glucose 
and polysaccharide was not increased by the addition of phosphate to the 
bacterial preparations (see Table II). Even though a small amount of 
phosphate was present in the dry cells, one would expect a marked effect 
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of added phosphate on the rate of carbohydrate transformation if glucoge. 
1-phosphate could serve as an intermediate between maltose and poly. 
saccharide. If phosphorolysis of maltose were simultaneous with poly. 
saccharide formation but independent of it, the addition of phosphate 
should increase both maltose decomposition and glucose production greatly, 

2. The addition of arsenate did not prevent polysaccharide formation 
from maltose. Arsenate is known to replace phosphate with both sucroge 
and starch phosphorylases and to cause the decomposition of the carbohy- 
drate substrates of these enzymes to their hexose components (10, 11). It 


TABLE II 
Maltose Decomposition with Dry Cell Preparation 
3 per cent bacterial preparation in 0.1 m NaHCOs, 0.002 m iodoacetate, incubated 


at 30° for 90 minutes in an atmosphere of CO2. Maltose added to Tubes 2, 4, and 
5; phosphate added to Tubes 3 and 4; arsenate to Tube 5. 





Micromoles per ml. 





Tube 1 | Tube 2 2 Tube 3 Tube 4 | Tubes 





(a) Initial phosphate..... 2 2 76 76 2 
(b) “arsenate 0 0) 0 0 67 
(c) * amalioge....< +. 76 0 76 76 
(d) Phosphate esterified....... 0 1 0 18 ‘ 
(e) Glucose formed. ee 0 47 0 15 65 
(f) Maltose decomposed. . : 0 55t 0 51t 6lf 
(g) Glucose units as polysaccharide (2(f) 

ait 


SNES SRT ay eee ' 0 62t 0 39t 








* Not determined. 

+ The figures for maltose utilization may be somewhat high, for reasons explained 
earlier in the text. 

t Since polysaccharide was determined by difference, the values given may be 
too high, the error in polysaccharide determination being double the error inherent 
in the maltose determination. 


will be seen from Table II that a slight increase in maltose decomposition 
and a somewhat greater increase in glucose production were observed when 
arsenate was added to the enzyme preparation, together with maltose. 
These results support the view that arsenate participates directly only i 
the decomposition of polysaccharide. Maltose decomposition is presull- 


ably affected indirectly, since the removal of the polysaccharide can be | 


expected to increase the extent of maltose decomposition. 


3. Phosphate esterification with maltose was found to be partially o 
completely inhibited by the addition of saliva (a-amylase) to the bacterial | 
preparations. Control experiments showed that traces of phosphatase, | 
which may occur in saliva, could not account for this inhibition. Sint | 
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polysaccharide but not maltose is decomposed with saliva, this observa- 
tion supports the conclusion that maltose is not phosphorolyzed. 

4, The initial rate of phosphate esterification was found to be the same 
regardless of whether phosphate was added together with maltose or after 
the enzyme preparation had been allowed to decompose most of the mal- 
tose to polysaccharide and glucose. For instance, a 3 per cent bacterial 
preparation was found to esterify 6.5 um of phosphate per ml. in the first 
30 minutes after the addition of 100 um of maltose per ml. Under similar 
conditions only 4.2 um were esterified if the initial concentration of maltose 
was reduced to 50 um per ml. However, when the phosphate was added 
120 minutes after the addition of 100 um of maltose, the phosphate uptake 
was found to be 6.6 um in 30 minutes. At this time, less than 40 um of 
maltose remained in the mixture. 


Indirect Synthesis of Maltose from Glucose and Glucose-1-phosphate 


It seemed very likely that the reaction catalyzed by amylomaltase would 
be reversible in nature, as are the phosphorolytic reactions involved in the 
breakdown of starch and sucrose. The occurrence of a reverse reaction 
would explain Monod’s observation that the polysaccharide produced from 
maltose in the presence of glucose does not form a blue complex with iodine, 
since long polysaccharide chains would be broken down to dextrins of rela- 
tively low molecular weight, in accordance with the equation 


(CeH100s)n + m CoHi1206 — (CoH 100s)n — m + m Ciz2H2201 


The reversibility of both maltose decomposition and the phosphorolytic 
reaction of the mutant strain was clearly demonstrated by the following 
observations. 

1. The addition of glucose, together with glucose-1-phosphate, prevented 
the formation of a polysaccharide giving a blue complex with iodine. That 
this was not due to a simple inhibition of phosphorylase activity was shown 
by the fact that glucose had only a slight inhibitory effect on the non- 
hydrolytic deesterification of glucose-l-phosphate. It is of interest to 
record that p-xylose and, to a slight extent, p-mannose also inhibited the 
formation of the starch-like polysaccharide. p-Fructose, pD-galactose, p- 
arabinose, and L-arabinose had no significant effect. It seems possible 
that p-xylose and perhaps D-mannose may react with the polysaccharide 
in the presence of amylomaltase to yield disaccharides analogous to mal- 
tose. 

2. The addition of glucose to bacterial preparations which had synthe- 
sized polysaccharide from glucose-1-phosphate caused the rapid transfor- 
mation of the polysaccharide to a form which no longer gave a blue- 
colored complex with iodine. The experiment was conducted as follows: 
A 3 per cent dry cell preparation was incubated with 0.2 m glucose-1- 
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phosphate at pH 6.8 for 30 minutes at 30°. This mixture was then boiled 
and incubated with an equal volume of 6 per cent active dry cell preparation 
in the presence and in the absence of 0.25 m glucose. Before incubation 
the mixture gave a deep brown color with iodine which changed quickly to 
blue on standing. In the absence of glucose, the material still gave a dark 
brown color with iodine after 30 minutes of incubation and a reddish brown 
color after 60 minutes. This slow color change is due either to a slow hy- 
drolytic cleavage of the polysaccharide by bacterial amylase or to the 


TaB.e III 
Synthesis of Maltose and Polysaccharide with Dry Cell Preparation 


3 per cent bacterial preparation in 0.1 m NaHCOs, 0.002 m iodoacetate, 0.05 4 
NaF, incubated for 30 minutes at 30° in an atmosphere of CO:. Glucose added to 
Tubes 2 and 3; glucose-l-phosphate added to Tubes 1 and 3 (solution adjusted to 
pH 6.8). About 2 um of inorganic phosphate per ml. of preparation were present 
initially. 





Micromoles per ml. 





Tube 1 | Tube2 |  Tube3 
ee ae abies Sil | 0 | 174 | 174 
“ — glucose-1-phosphate......... gion. ae | O | 75 
Total disappearance of glucose-l-phosphate”.. | 63 0 | §2 
Inorganic phosphate produced................ |} 499+1) O | 49+1 
Disappearance of free glucoset................, -2+1 | 243 | 2043 
NS oe: shertens 0 0 | 17 41 


ES ES re _.| Blue None None 








* Disappearance of ester due to transformation to other phosphate esters, forma- 
tion of polysaccharide, and of maltose. 
+ Slight production of glucose from glucose-1-phosphate evident in Tube 1. 


phosphorolytic decomposition due to the gradual conversion of glucose-l- 
phosphate to other esters. In the presence of glucose, on the other hand, 
the color with iodine changed to pale reddish brown after 7 minutes and 
disappeared after 10 minutes of incubation. 

3. When glucose was added together with glucose-1-phosphate to the 
bacterial preparations, the production of maltose and reducing dextrins was 
observed. As in the previous experiments, maltose was estimated as 
sugar fermentable with S. cerevisiae but not with 7’. monosa. In addition, 
it was identified by the microscopic examination of its osazone. Maltose 
was not formed when glucose-1-phosphate alone or glucose alone was added 
to the enzyme preparations (see Table III). 
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Experiments with Wild Type Parent Strain 


It was of interest to check whether the enzymes involved in the me- 
tabolism of maltose by the mutant strain W-327 are also present in the 
wild type strain K-12, from which the mutant had been derived indirectly. 
For this purpose, a dry cell preparation of EZ. coli K-12 was made from a 
culture grown with maltose. This preparation caused an esterification of 
inorganic phosphate when maltose was added together with iodoacetate. 
No phosphate was taken up by iodoacetate-treated cells in the absence of 
substrate or in the presence of glucose. A polysaccharide giving a blue 
color with iodine was formed when the preparation was allowed to act on 
glucose-l-phosphate in the presence of iodoacetate and fluoride. The 
addition of glucose prevented the production of the iodine-colored com- 
pound. 

These observations were accepted as evidence that the wild type strain 
adapted to maltose does possess the same enzymes as the mutant strain. 

Strain W-327 presumably differs from strain W-108, from which it was 
obtained directly, in the restoration of the original wild type metabolism 
of maltose but not of glucose or lactose. 


DISCUSSION 


From the above experiments, it seems reasonable to conclude that the 
initial stages of the fermentation of maltose by dry cell preparations of 
E. colt W-327 involve the set of reversible reactions shown in the accom- 
panying scheme. 


Maltose (Amylomaltase) Polysaccharide + glucose 
a 


yo > 
¢ => 





+ Phosphate | (Phosphorylase) 
Glucose-1-phosphate 


(Phosphoglucomutase) 


} 


+ 
Glucose-6-phosphate 


| (Phosphohexoisomerase) 


| 


Fructose-6-phosphate 
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This scheme, however, fails to account for the observation that intact 
cells produce no glucose in the metabolism of maltose and yet possegs 
practically no ability to ferment or oxidize glucose when this sugar igs 
supplied in the medium. The situation is analogous to that found in the 
oxidation of sucrose, trehalose, and melibiose by P. saccharophila (12, 13), 
When grown with sucrose, this organism possesses a sucrose phosphorylase 
and an invertase, both of which decompose sucrose with the production of 
fructose. Yet fructose supplied in the medium remains practically un- 
attacked by the intact cells, while the entire sucrose molecule is rapidly 
metabolized. Bacteria grown in the presence of trehalose possess. an 
active trehalase which hydrolyzes the disaccharide to glucose. No evi- 
dence for either a phosphorylase or a special kinase could be found in ex- 
periments with dry cell preparations and intact cells. Yet adapted intact 
cells are capable of oxidizing trehalose at a much greater rate than glucose, 
Similarly, bacteria grown with raffinose or melibiose as substrate can 
oxidize melibiose at a much greater rate than the constituent mono- 
saccharides glucose and galactose, provided that all these sugars are 
supplied in high concentration. As with trehalose, only a hydrolytic 
cleavage of melibiose appears to take place. In all of the above cases, the 
demonstration of enzymes responsible for the primary decomposition of 
disaccharides fails to explain the discrepancy in the rates utilization by 
intact cells of the disaccharides on the one hand and of hexoses on the other. 

If the proposed course of maltose breakdown by E£. coli W-327 is ac- 
cepted, an explanation must be sought for the feeble metabolism of glucose 
by this strain. Although no study of hexokinase activity in either the 
mutant or the wild type strain has as yet been made, it seems unlikely 
that the absence of this enzyme would account for the difference between 
the mutant and parent cultures. If hexokinase were lacking, glucose 
should accumulate in the medium during the metabolism of maltose. 
This is not the case. A different impairment of the phosphate metabo- 
lism of the organism might offer a possible explanation for the anomalous 
behavior of the mutant. 

Regardless of the nature of the difference between the parent and mutant 
strain of EZ. coli, it seems clear that amylomaltase plays an important 
réle in the metabolism of this species. It is of particular interest that this 
enzyme is similar to the “sucrose phosphorylase” of P. saccharophila, 
and to the bacterial enzymes responsible for the formation of dextran and 
levan from sucrose, in that all of these enzymes catalyze the exchange of 
glycosidic linkages (3). Unlike levan production, the formation of poly- 
saccharide from maltose is readily reversible. This is probably due largely 
to a lower energy content of the glycosidic bond in maltose than in sucrose. 
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In addition, it seems likely that the rate of the reverse reaction is greater 
with the polysaccharide of E. coli than with levan because the latter 
compound has a very high molecular weight and is therefore normally 
present in very low molar concentrations. 

Many important details of the mechanism of polysaccharide formation 
from maltose remain to be elucidated through studies with purified amy- 
lomaltase. The experiments described to date do not show whether a 
polysaccharide nucleus is necessary for the initiation of polysaccharide 
synthesis. In comparable reactions catalyzed by muscle and potato phos- 
phorylases it is known that catalytic amounts of polysaccharide are re- 
quired. If no “starter” is needed, the initial reaction would involve 2 
molecules of maltose which would be converted to 1 molecule of trisac- 
charide and 1 of glucose. It has been found experimentally that less 
than 1 mole of glucose is usually formed for each mole of maltose decom- 
posed. ‘This was to be expected, since the polysaccharide produced from 
maltose was found to be of low molecular weight. For instance, in the 
formation of a reducing tetrasaccharide possessing the formula (CgH10s5)s- 
CsH1206, only 2 moles of glucose should be evolved from 3 moles of maltose, 
in accordance with the equation 3CpH2Oy — (CsHO0s)sCeHi2O, + 
2CsH2Os. Another important question which has not been answered so 
far is whether catalysis by amylomaltase is limited to a transformation of 
disaccharide to polysaccharide or whether it also involves the condensation 
of polysaccharide molecules such as the following. 


(CoH 100s)nCeHi206 + (CeHi00s)mCeHi206 <> (CoH i00s)n 4 m CoHi206 + CoHi20e 


Finally, the bearing of these studies on gene action may be mentioned. 
As far as they go, these experiments suggest that a single gene mutation, 
as in W-108, may interfere with the action or formation of several enzymes: 
in this case lactase, amylomaltase, and possibly hexokinase. It cannot 
yet be said whether these are primary or secondary effects of the mutation. 
On the other hand, a “‘suppressor’”’ mutation, as in W-327, may undo part 
of these effects, restoring the amylomaltase function. 


SUMMARY 


1. A mutant of Escherichia coli was found capable of carrying out rapid 
oxidation and fermentation of maltose but not of glucose. 

2. Studies with dry cell preparations indicated that both the mutant and 
the wild type parent strains contain the enzymes amylomaltase, phos- 
phorylase, phosphoglucomutase, and phosphohexoisomerase. The first 
steps in maltose decomposition could be postulated as shown in the accom- 
panying scheme. 
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Maltose-—+Polysaccharide + glucose 
Glucose-1-phosphate 


Glucose-6-phosphate 


Fructose-6-phosphate 


3. When glucose is allowed to accumulate during the decomposition of 
maltose, the polysaccharide produced by amylomaltase was found to 
consist of reducing dextrins composed, on the average, of from 4 to 6 
glucose units. 

4. Due to the reversible nature of the above reactions, maltose and 
reducing dextrins were produced when glucose-l-phosphate and glucose 
were added together to the preparations. In the absence of glucose, only 
a starch-like polysaccharide was formed from glucose-1-phosphate. 

5. The proposed mechanism for a ‘‘direct’’ utilization of maltose fails 
to explain the impaired ability of the mutant to utilize glucose. 


Nour wh 
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THE UTILIZATION OF v-GLUTAMIC ACID BY LACTOBACILLUS 
ARABINOSUS 17-5* 


By MERRILL N. CAMIEN anp MAX 8S. DUNN 


(From the Chemical Laboratory, University of California, Los Angeles) 
(Received for publication, February 1, 1949) 


t-Glutamic acid was first determined microbiologically with Lactobacil- 
lus arabinosus 17-5 by Kuiken et al. (2) in 1943. It was reported that 
p-glumatic acid was inactive for L. arabinosus, since 20 y of L-glutamic 
acid gave the same growth response as 40 y of pi-glutamic acid. The 
following year, Dunn et al. (8) found that t-glutamic acid could be deter- 
mined accurately with L. arabinosus, but only in the absence of p-glutamic 
acid, since, over the range, 1.5 to 4.0 mg. per cent, pi-glutamic acid was 
markedly more active for this microorganism than L-glutamic acid. These 
results were confirmed in 1945 by Baumgarten et al. (4), who showed, in 
addition, that p-glutamic acid (in the absence of L-glutamic acid) pro- 
moted less growth than an equal amount of t-glutamic acid (in the absence 
of p-glutamic acid). Other workers (5-7) have reported activities of 
51 to 75 per cent! for pi-glutamic acid and of 7 to 11 per cent for p-glutamic 
acid. It is evident, therefore, that the activity of p-glutamic acid for 
L. arabinosus 17-5 varies markedly under different conditions. 

Recently Lyman and Kuiken (8) showed that the utilization of p- 
isoleucine, but not p-glutamic acid, by L. arabinosus is influenced by the 
form of vitamin Bg in the basal medium. The present report is concerned 
with the effect of t-aspartic acid, pD-aspartic acid, and natural asparagine 
on the utilization of p-glutamic acid by L. arabinosus 17-5. 


EXPERIMENTAL 


The basal medium was that described by Dunn et al. (9). The response 
of L. arabinosus 17-5 to L-, DL-, and p-glutamic acids was measured in 
the absence and in the presence of added L-aspartic acid, p-aspartic acid, 
and natural L-asparagine. The three forms of glutamic acid were tested 
at final concentrations of 2.4 y to 256 y per ml., and L-aspartic acid, D-as- 
partic acid, and asparagine were employed at final concentrations of 400, 
800, 1600, and 3200 y per ml.2. The tests were made in 3 ml. volumes in 4 


* Paper 56. For Paper 55, see Dunn et al. (1). This work was aided by grants 
from the American Cancer Society through the Committee on Growth, National 
Research Council. The authors are indebted to Samuel Eiduson and Ruth B. Malin 
for technical assistance. 

‘Calculated on weight per cent basis compared with u-glutamic acid. 

* These concentrations were in addition to the natural asparagine (60 y per ml.) 
present in the unaltered basal medium. 
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inch test-tubes in a manner analogous to that previously described for 
assays with L. arabinosus (9). The incubation period was 3 days. The 
results are given in Figs. 1 to 3 and in Tables I and II. 


DISCUSSION 


The curves presented in Fig. 1 and the activities calculated for p- and 
pi-glutamic acids (Tables I and II) indicate that these forms were more 
active (up to 28 per cent for the p- form and up to 40 per cent for the pz 
form) than L-glutamic acid in the unaltered basal medium. It may be 
seen, however (Fig. 2, Tables I and II), that in the presence of added 1- 
or D-aspartic acid much or all of the activity of the p-glutamic acid was 
lost. The activity of pi-glutamic acid at low concentrations was reduced 
by additions of asparagine (Table I). At higher concentrations, under 
these conditions, the activity of pi-glutamic acid was greater than that 
of t-glutamic acid, apparently due to a depression of the L-glutamic acid 
curve, but not of the pi-glutamic acid curve, in the range of concentra- 
tions above 40 y per ml. (Fig. 3). Curves similar to those in Fig. 3 were 
obtained by Dunn et al. (3) and by Baumgarten et al. (4), undoubtedly 
as a result of the relatively high concentrations of asparagine employed 
in their media. 

That added aspartic acid will depress the initial segment of the L-glutamic 
acid curve obtained with L. arabinosus was first noted by Lewis and Olcott 
in 1945 (5).2 Similar results with asparagine, as well as aspartic acid, 
were later noted by Baumgarten et al. (4) and Brickson et al. (11). This 
effect on the L-glutamic acid curve is evident, but not pronounced, in 
the present work. Compare, for example, the L-glutamic acid curves in 
Figs. 1 to 3. 

It has been observed by a number of workers (5-7, 11-13) that the 
initial lag so often present in the L-glutamic acid curve with L. arabinosus 
is not observed in the corresponding L-glutamine curve. For this reason 
it has been inferred by some of these authors that L-glutamic acid is con- 
verted to glutamine before being utilized by L. arabinosus, and that aspartic 
acid interferes with the formation of glutamine from .L-glutamic acid. 
This hypothesis would seem to be negated, however, by the observations 
of the present authors‘ and Pollack and Lindner (14) that, under some 
conditions, L-glutamic acid is more active than glutamine for L. arali- 
nosus.® 


* These authors reported that arginine contributed to the inhibition of glutamic 
acid by aspartic acid. 

‘Unpublished data obtained by M. 8. Dunn, S. Shankman, and M. N. Camien. 

5 The results of these experiments would be invalidated if the glutamine samples 
were very impure. Pollack and Lindner (14) did not report the purity of their glu- 
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Fig. 1. Response of L. arabinosus 17-5 to L-, pL-, and p-glutamic acids in the un- 
altered basal medium. The micrograms of glutamic acid and the ml. of 0.01 n NaOH 
are the amounts calculated per ml. of final solution. The L- and pi-glutamic acids 
were analytically pure products of Amino Acid Manufactures. The p-glutamic 
acid was the product described previously (10). 

Fig. 2. Response of L. arabinosus 17-5 to L-, pL-, and p-glutamic acids in the basal 
medium supplemented with L-aspartic acid at a concentration of 1600 y per ml. of 
final solution. The t-aspartic acid was a c.p. product of Amino Acid Manufactures. 

Fic. 3. Response of L. arabinosus 17-5 to L- and pi-glutamic acids in the basal 
medium supplemented with natural asparagine (Pfanstiehl product) at a concen- 
tration of 3200 y per ml. of final solution. 
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TABLE I 


Calculated Activity of pu-Glutamic Acid at Different Dosage Levels 
and in Different Media 
























































| | | | | 
Fee Titration® | Activityt | Test level | Titration® | Activityt | Test level | Titration® | Activityt 
} | } 
Medium 1 | Medium 2 Medium 3 
7 per mil. | per cent | te per ml. | per a ‘ owed. 5) ja [ ser esi: 
ee’ 2 i ee. i a ef 48 
8 6.42 | 106 | 2 | 5.75 | 51 | 32 7.01 | 59 
16 9.87 | 131 | 32 8.40 | 53 |; 40 | 8.76 50 
24 12.03 | 138 | 40 10.40 54 | «53 | «(11.89 54 
40 14.83 | 140 53 | 13.32 | 58 | 107 15.84 55 
Medium 4 Medium 5 7 Medium 6 
6 | 4.08 | 52 | 53 | 0.52] 50 | 16 | 3.63 | 587 
67 7.95 | 53 | 107 | 8.96 | 51 | 2 | 6.76 | 57 
80 10.36 52 160 | 13.06 | 52 | 32 | 9.26 56 
107 13.77 52 213 | 14.85 | 49 | 40 | 11.16 56 
133 15.55 52 | | | 88 | 13.70 | 57 
; Medium 7 anaes teal wma Or 
16 2.24 | 50 24 6©| 2.00 | 50 “4 | 1.82 | 6 
24 | 5.58 | 6 | 32 | 3.93 | 52 | 32 | 2.09 | 44 
32 8.10 55 40 | 6.57 | 50 40 | 4.68 | 47 
40 9.92 6 | 6 | 9.78 | 651 53 8.84 52 
53 12.10 54 107 | 16.33 | 53 107 =| 15.30 | 88 
x Medium 10 Medium 11 > r= 12 
3.3 | 1.05 | 5 | 6.7 | 1.49 | #6 | 138 | 2.12 | & 
6.7| 2.67 | 66 | 13.3 | 4.36 | 61 20.0 | 5.31 | 88 
13.3; 8.29 | 86 | 20.0 | 9.11 | 63 | 26.7 | 8.08 | 59 
26.7 | 13.50 | 149 | 26.7 | 13.59 | 132 | 33.3 | 11.16 64 
40.0 | | 


15.58 | 127 | 40.0 | 15.42 | 142 | 40.0 | 14.33 82 


Medium 1 was the unsupplemented basal medium. Media 2 to 5 were supple- 
mented with L-aspartic acid at concentrations in micrograms per ml. of final solution 
as follows: 2 (400), 3 (800), 4 (1600), 5 (3200). Media 6 to 9 were supplemented in 
order with the same amounts of p-aspartic acid (c.p. product of Amino Acid Manu- 
factures). Media 10 to 12 were supplemented with natural asparagine as follows: 
10 (800), 11 (1600), 12 (3200) micrograms per ml. of final solution. 

* Given as ml. of 0.01 n NaOH to titrate 1 ml. of final solution (equivalent te 
titrations of 10 ml. volumes with 0.1 n NaOH). 

t Calculated on weight per cent basis as compared with L-glutamic acid. The 
values included in the table were selected from similar response ranges as indicated 
by the corresponding titration values. 
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That p-glutamic acid may play “some essential réle in the metabolism 
of this microorganism’”’ was suggested by Dunn et al. (3), because p-glutamic 
acid (tested as the pt form) was much more active under certain condi- 


TaB_e II 
Calculated Activity of p-Glutamic Acid at Different Dosage Levels and 
in Different Media 
The media were those described in Table I. The activity of p-glutamic acid 
was not determined for Media 10 to 12, due to insufficient sample. 


















































ea Titration® | Activity® | Test level | Titration® | Activity* | Test level | Titration* | Activity® 
Medium 1 —* Medium 2 Medium 3 
+ per mi. | per cent | -y per mi. percent | > per mi. per cent 
6 4.35 | 67 40 TR tl 53 0.89 4.7 
8 5.54 | 76 107 1.58 §.2 107 1.05 4.2 
16 9.13 | 109 160 1.80 3.8 160 1.34 4.0 
32 13.08 | 125 213 2.67 3.6 213 1.38 3.1 
40 14.39 | 128 267 4.35 3.7 267 1.53 2.7 
Medium 4 i Medium 5 Medium 6 
53 0.97 | 0.0 | 83 0.45 | 0.0 53 | 1.44 | 8.7 
107 1.05 0.6 107 0.45 0.0 — i. 6.7 
160 1.08 0.6 160 0.45 0.0 160 4.67 6.7 
213 1.20 1.5 213 0.45 0.0 213 8.12 7.4 
| 267 | 0.45 0.0 267 10.93 8.1 
Medium 7 Medium 8 Medium 9 
53 1.02 8.1 107 0.81 3.8 53 0.60 0.0 
107 1.47 5.9 160 1.02 4.4 107 0.60 0.0 
160 2.06 4.8 213 1.17 4.2 160 0.68 3.5 
213 3.31 4.7 2067 | 1.35 3.9 213 0.75 3.4 
267) | «= «5.27 4.7 | | | 267 0.94 3.6 














* See the corresponding foot-notes to Table I. 


tions than L-glutamic acid. Although this conclusion may seem to have 
been unwarranted in the light of some of the present results (Fig. 2, Table 
II), it is supported by the observation that hydrolysates of L. arabinosus 
cells grown on p-glutamic acid-free media contain relatively large amounts 
of p-glutamic acid (10, 15).* 





tamine. The sample of glutamine (S. M. A. Corporation product) employed in the 
unpublished experiments by the present authors was too small for adequate analysis. 

*Some workers (16, 17) have suggested that p-glutamic acid found in hydroly- 
sates of proteinaceous materials may originate from the racemization of t-glutamic 
acid. It does not appear likely, however, that nearly complete racemization of 
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Perhaps a more tenable hypothesis might be that glutamine, p-glutamiec 
acid, and t-glutamic acid are converted to a common intermediate’ by 
L. arabinosus before being utilized. The observation that neither gluta. 
mine nor p-glutamic acid is consistently more active than L-glutamie acid 
may be explained, assuming that the extent of conversion to the inter. 
mediate depends on the available compound and the conditions. Studies 
on the utilization of glutamine by L. aralinosus are being carried out to 
throw further light on this problem. 

The results of the present investigation may be of practical application 
in the microbiological assay of samples containing both enantiomorphs of 
glutamic acid. It seems unlikely that total glutamic acid could be de- 
termined with L. arabinosus, since conditions have not been found under 
which the activities of L- and p-glutamic acids are the same over the entire 
assay range. It does appear probable, however, that a high degree of 
specificity for t-glutamic acid in the presence of D-glutamic acid can be in- 
duced by adding sufficient aspartic acid to the L. arabinosus assay medium. 
The initial lag in the Lt-glutamic acid response curve resulting from the 
increased aspartic acid concentration can be overcome by increasing the 
incubation time (5), by increasing the amount of inoculum (5, 7), by 
adjusting the medium to pH 6.0 (7), by adding glutamine to the basal 
medium (6), or by adding to the basal medium an amount of L-glutamic 
acid sufficient to initiate growth of L. arabinosus under the conditions 
employed. Although Streptococcus faecalis R may also be used to deter- 
mine L-glutamic acid in the presence of p-glutamic acid (4, 10), L. arati- 
nosus has the advantages of more rapid and profuse growth and acid 
production. The latter microorganism may be preferred for this reason. 

It is of interest in this connection that Lewis and Olcott (5) have em- 
ployed L. arabinosus for the determination of L-glutamic acid in the pres- 
ence of p-glutamic acid. Total glutamic acid was determined by a chemi- 
cal method (19) and p-glutamic acid was estimated by difference. Al- 
though, under the conditions employed by these workers, p-glutamic acid 
was found to be 7 to 11 per cent as active as L-glutamic acid (which would 
lead one to expect high results for t-glutamic acid and low results for 
p-glutamic acid), approximately 10 per cent of the total glutamic acid in 
edestin and approximately 30 per cent of the total glutamic acid in normal 





t-glutamic acid would take place during the relatively short period of refluxing with 
acid to which the L. arabinosus cells were subjected. Other bacterial products have 
been shown to yield nearly pure p-glutamic acid on acid hydrolysis (18). Since 
L-glutamic acid was negligible in the latter hydrolysates, the possibility of the p-glu- 
tamic acid having been formed by racemization was excluded. 

7 It does not seem probable that a-ketoglutaric acid or a-hydroxyglutaric acid is 
an intermediate of this type, since neither is very active in replacing 1-glutamic 
acid for L. arabinosus (4, 5). 
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and carcinomatous tissue from rabbits were estimated to be p-glutamic 
acid. 


SUMMARY 


It has been shown that p- and pi-glutamic acids under some condi- 
tions are more active than L-glutamic acid in promoting growth of Lacto- 
bacillus arabinosus, but that increased amounts of aspartic acid in the 
basal medium partly or completely suppressed the activity of p-glutamic 
acid for this organism. Asparagine was less effective than aspartic acid 
in suppressing the activity of p-glutamic acid, particularly at relatively 
high levels of glutamic acid. It has been suggested that L. arabinosus 
may be used for the determination of L-glutamic acid in the presence of 
p-glutamic acid if sufficient aspartic acid is added to the basal medium. 
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ACTION PATTERN OF CRYSTALLINE MUSCLE 
PHOSPHORYLASE* 


By SHLOMO HESTRIN{ 


(From the Department of Biological Chemistry, Washington University School 
of Medicine, St. Louis) 


(Received for publication, February 7, 1949) 


The question to what extent branched polysaccharides can be degraded 
by phosphorylase has recently been examined by Meyer and Bernfeld 
(1), Swanson (2), and Katz, Hassid, and Doudoroff (3). It was found that 
potato phosphorylase resembled B-amylase in being unable to pass the 
1,6 linkage at the branch points. In fact, the terminal chains of either 
amylopectin or glycogen were removed less completely by potato phos- 
phorylase than by 6-amylase (2). 

In the case of muscle phosphorylase it was known from experiments 
with relatively crude preparations that glycogen could be degraded almost 
completely (4).!_ Swanson (2) found a degradation of about 80 per cent of 
glycogen or amylopectin in experiments with crystalline muscle phos- 
phorylase. A high concentration of enzyme was used, more enzyme was 
added at intervals, and the incubation period was quite long. If complete 
phosphorolysis of glycogen should require another enzyme besides phos- 
phorylase, this enzyme, even though present only in traces as a contami- 
nant of phosphorylase crystals, could have exerted considerable activity 
under the conditions of Swanson’s experiments? (cf. (5)). 

The experiments reported in this paper show that the action of re- 
peatedly recrystallized muscle phosphorylase on branched polysaccharides 
is similar to that previously reported for potato phosphorylase. Some 
properties of the limit dextrin formed from glycogen by the action of 


*This work was supported by a grant from the Corn Industries Research Foun- 
dation. 

tHebrew University Fellow. 

‘Cori, G. T., unpublished experiments. 

*A repetition of these experiments by G. T. Cori gave the following results. With 
a twice crystallized sample of muscle phosphorylase, glycogen was degraded about 
80 per cent after prolonged incubation and repeated enzyme additions. On further 
recrystallizations the apparent property of the enzyme of degrading glycogen be- 
yond the branch points was lost; that is, under the same conditions the degradation 
did not exceed 46 per cent. The supernatant fluid from the recrystallizations con- 
tained a protein which, when added to phosphorylase, resulted again in an almost 
complete degradation of glycogen. The properties of this factor will be described 
in a later publication. 
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muscle phosphorylase are described. This substance was used in an experi- 
ment designed to test the theory of the primer effect of polysaccharides, 
EXPERIMENTAL 

Phosphate was determined by the method of Fiske and Subbarow (6), 
Glucose-1-phosphate was hydrolyzed completely in 0.1 nN HCl for 19 
minutes at 100° and determined as free glucose by the method of Nelson 
(7). A correction for the concurrent hydrolysis of added polysaccharides 
was applied in all cases; it generally amounted to less than 5 per cent of 
the reducing value obtained by the hydrolysis of glucose-1-phosphate. 
No cysteine was added to the reaction mixtures because in the concentra- 
tion usually used in phosphorylase tests it interferes with the glucose 
estimations. Since the phosphorylase crystals are suspended in a cysteine 
buffer of 0.03 m, the cysteine concentration in the reaction mixture was 
of the order of 0.0006 or less. 

Enzymes—The activity of the enzymes was tested at 30°. Phospho- 
rylase a was prepared from rabbit muscle as described by Green and 
Cori (8), and recrystallized at least three times. The purified enzyme 
was completely free of amylase activity. Potato phosphorylase was puri- 
fied by fractionation with ammonium sulfate as described by Hanes (9). 
Crystalline phosphoglucomutase (10) from rabbit muscle was kindly sup- 
plied by Dr. V. Najjar; it contained neither phosphorylase nor amylase. 
6-Amylase was a maltase-free preparation made from ungerminated wheat 
by the method of Ballou and Luck (11). 

Substrates—Glucose-1-phosphate (l-ester) was prepared according to 
McCready and Hassid (12) and recrystallized twice; it was free of polysac- 
charide impurities which prime muscle phosphorylase. Rabbit liver gly- 
cogen was used. Specimen 1 (fal, = +200°; ash 0.25 per cent) was 
obtained from the Pfanstiehl Chemical Company and Specimen 2 was 
isolated in this laboratory by the method of Somogyi (13). 

LD (glycogen; wheat §-amylase)* was prepared by incubating glycogen 
Specimen 1 (5 per cent) with B-amylase (0.02 per cent) in citrate buffer, 
pH 6.0, under toluene at 30°. After 16 hours, the hydrolysis calculated 
in terms of maltose was 47 per cent and had come to a standstill. The 
residual polysaccharide was precipitated with 2 volumes of methanol, 
dried, exposed again to the action of the enzyme, and isolated. 

LD (glycogen; muscle phosphorylase) was prepared by incubating gly- 
cogen Specimen 1 (5 per cent) at 30° with 0.15 m potassium phosphate, 
pH 7.3, 1 X 10-4 m magnesium chloride, 1.6 X 10-5 m muscle adenylic 

3 Limit dextrins derived from a parent carbohydrate by the exhaustive treatment 


with a specific enzyme are designated as LD, information which characterizes them 
being supplied in parentheses. 
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acid, and 1.5 X 10-? m cysteine in the presence of 10 mg. per cent of phos- 
phorylase and 2.5 mg. per cent of phosphoglucomutase. After 1 hour, 
the disappearance of inorganic phosphate corresponded to about 31 per 
cent degradation and the reaction had come to a standstill. The residual 
polysaccharide was precipitated by adding 2 volumes of methanol, and 
dried. A sample was retained for further examination and the remainder 
was treated again with the two enzymes and isolated. The dry pow- 
der was taken up in water, and a small amount of insoluble material 
was removed by centrifugation. The solution was passed through an 
Amberlite IR-4-100 anion exchange column and the polysaccharide precipi- 
tated with 2 volumes of methanol. The yield corresponded to 54 per cent 
of the original glycogen. 

The material formed an opalescent solution in water at room temper- 
ature, was non-dialyzable through a cellophane membrane, gave a much 
less intense color with iodine than did glycogen, was resistant to hot 10 per 
cent potassium hydroxide, and was non-reducing to alkaline copper re- 
agents. ‘The limit dextrin was hydrolyzed by salivary amylase and par- 
tially hydrolyzed by wheat 6-amylase. 

Other materials used were kindly supplied by the following investi- 
gators: corn amylopectin (Fraction B) and amylose (Fraction A) by Dr. 
T. Schoch, tuber and cereal starch amylopectins and their wheat 6-amylase 
limit dextrins by Dr. J. E. Hodge, amylopectin formed by Neisseria 
perflava from sucrose by Dr. E. J. Hehre, crystalline a-Schardinger dextrin 
by Dr. C. 8S. Hudson, dextran formed by Leuconostoc mesenteroides from 
sucrose, and products of partial hydrolysis of dextran by acid by Dr. A. 
Jeanes. 

A mixture of dextrinic acid homologues (amyloses of 6 or less glucose 
residues with the reducing group oxidized to —COOH) was obtained in 
aqueous solution from a-Schardinger dextrin as follows: 35 mg. of the 
dextrin were dissolved in 0.5 ml. of 7.5 N hydrochloric acid. The solution 
was kept at 30° for 4 hours, neutralized, and brought to a volume of 1.2 
ml. The degree of hydrolysis (calculated as glucose) amounted to 27 
per cent. To 0.5 ml. of the neutralized hydrolysate, 0.1 ml. of 0.1 N 
iodine solution and 1.5 ml. of 0.1 N sodium hydroxide were added, and the 
mixture was kept in the dark for 20 minutes at room temperature. The 
solution was acidified, extracted repeatedly with toluene, and neutral- 
ized. When the solution was cooled, some residual dextrin containing 
adsorbed iodine precipitated and was removed. The filtrate containing 
the dextrinic acids was colorless and free of iodine. Copper reduction 


tests showed that the reducing groups had been oxidized to an extent of 
more than 96 per cent. 
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Results 
Phosphorolysis of Polysaccharides. Glycogen and Amylopectin—The 
course of phosphorolysis at two enzyme and glycogen concentrations is 
plotted in Fig. 1. The limit of phosphorolysis varies somewhat for the 
two glycogen specimens investigated, but it is evident that in both in- 
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Fic. 1. Phosphorolysis of glycogen with an excess of inorganic phosphate. The 
reaction mixture contained 0.1 M potassium phosphate of pH 7.3 and 1.6 x 10m 
muscle adenylic acid. Muscle phosphorylase protein was dissolved by mixing a crys- j 


tal suspension with 1 volume of 0.5 m sodium bicarbonate, followed by 10 volumes ce 
of water. Glycogen Specimen 1 was used in Experiment A and Specimen 2 in ex- g 
periment B. Relative enzyme dilutions and initial concentrations of glycogen (as M 
moles of glucose per liter) were as follows: Experiment A, 0 1:50, 0.012; @ 1:50, oO 
0.006; Experiment B, A 1:100, 0.012; X 1:100, 0.006; O 1:50, 0.006. The amount of 8} 
glucose-1-phosphate formed was determined as free glucose after short acid hydrol- in 


ysis as described under the methods. 


stances a major fraction of the linkages resists cleavage. At pH 7.8 the } 
reaction would reach equilibrium when the ratio, inorganic P:1-ester P, is P 
about 3. In the experiments in Fig. 1 the final ratios were 20 to 40 and te 
the slowing down of the reaction cannot therefore be explained by an of 
approach to equilibrium. There was the possibility that the slowing down | al 
was caused by an inactivation of the enzyme, but control experiments . 


showed that this was not the case. Aliquots of the reaction mixture were 
removed after varying lengths of time of incubation, mixed with an equal 
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volume of 1.2 per cent glycogen, incubated for 10 minutes, and analyzed 
for the amount of l-ester formed. There was no significant loss of phos- 
phorylase activity during 2 hours of incubation. 

In the experiment in Fig. 2 the initial phosphate concentration was only 
slightly greater than that of glycogen. Phosphoglucomutase was added 
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Fia. 2. Phosphorolysis of glycogen in presence of phosphorylase and phosphoglu- 
comutase. The reaction mixture contained 0.02 m potassium phosphate, 0.015 m 
glycogen Specimen 1 (expressed as glucose), 1 x 10-* m magnesium chloride, 7 < 10-# 
M cysteine, and 1.5 X 10*m muscle adenylic acid, pH 7.1. The concentration 
of crystalline phosphoglucomutase and phosphorylase was 25 and 50 y per ml., re- 


spectively. The per cent phosphorolysis was calculated from the disappearance of 
inorganic phosphate. 


in order to prevent an accumulation of glucose-l-phosphate. Cysteine 
was present in 0.007 m concentration. The effectiveness of the mutase 
action was checked at the end of the experiment; only 7 per cent of the 
total ester phosphate present was easily hydrolyzable in acid. The limit 
of degradation was 36 per cent and corresponded closely to the limit 
observed when the same specimen of glycogen was phosphorolyzed in the 
presence of a large excess of phosphate and in the absence of mutase. 

The findings with branched starch fractions (amylopectins) of different 
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TaBLE I 
Phosphorolysis of Branched Fraction of Starches by Muscle Phosphorylase 
Composition of reaction mixtures and methods asin Fig. 1. Polysaccharide con- 
centration as glucose, 0.006 m. Enzyme dilution, 1:50. 


Per cent phosphorolysis after incubation for 

















Polysaccharide 
5 min. | 10 min. | 30 min. | 60 min. |100 min. 
- - eae ieaeneie — | | — - ——— 
White potato amylopectin................... 38 | 43 | 44 
Corn amylopectin (8 fraction of Schoch) the | 36 | 38 | 38 40 
Wheat amylopectin................ sete 39 39 | 41 4] 
Neisseria perflava “‘amylopectin’”’................. 31 | | 39 | 39 
Sweet potato amylopectin........... Pat stern 1.00 | | 33 | | 36 
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Fig. 3. Phosphorolysis.of corn amylose by muscle phosphorylase. Amylose sol- 
ution in 0.1 m potassium hydroxide was neutralized immediately before use; final 
concentration as glucose, 0.008 m; enzyme dilution 1:15. 


origin are summarized in Table I. An apparent limit of degradation, 
corresponding to 36 to 44 per cent phosphorolysis, was reached, a result 
similar to that obtained with glycogen. 

Amylose—That the linear fraction of corn-starch can be degraded to 4 
much larger extent than the branched fraction is shown in Fig. 3. The 
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reaction was slow in spite of a high enzyme concentration, presumably 
because of the low concentration of end-groups in a solution of a linear 
polymer. ‘The limit of degradation may therefore not have been reached. 
Another factor to be considered here is the tendency of corn amylose to 
precipitate (retrogade) from solution. Katz, Hassid, and Doudoroff (3) 
have, in fact, found almost complete degradation of amylose with potato 
phosphorylase. 

In order to test the phosphorolysis of short chains, amylose was hy- 
drolyzed to the extent of 33 per cent by salivary amylase. After heating 
the solution to stop the action of amylase, phosphorylase was added. The 
final yield of l-ester was equivalent to only 8 per cent of the original 
amylose. This is consistent with the conclusion that maltose and rela- 
tively short amylose chains, those 3 to 4 glucose units long, are resistant to 
the action of muscle phosphorylase. 

Polysaccharides with Terminal or Near Terminal 1,6 Linkages—The 
following polysaccharides have been examined: a bacterial dextran, LD 
(glycogen; phosphorylase), LD (glycogen; 8-amylase), and several varieties 
of LD (amylopectin; B-amylase), the amylopectins having been prepared 
from wheat, corn, white potato, and sweet potato. Tests were carried out 
under the same conditions as described in the experiments in Fig. 1. With 
dextran, no l-ester was formed. With the phosphorylase limit dextrin 
and the five B-amylase limit dextrins the limit of phosphorolysis was 2 
per cent or less. 

Degradation by 8-Amylase—The degradation of glycogen and amylopec- 
tin proceeds further with B-amylase than it does with phosphorylase. 
This had previously been shown by Swanson (2) for potato phosphorylase. 
The limit dextrin formed from glycogen by muscle phosphorylase was de- 
graded by 8-amylase to maltose to an extent of 24 per cent, while the parent 
glycogen was degraded to an extent of 47 per cent. On the basis of the 
structure of glycogen proposed by Meyer (14), it can be assumed that the 
outer stubs of LD (glycogen; muscle phosphorylase) are 3 glucose units 
long. This is the minimum chain length required for the formation of 1 
molecule of maltose per stub through the action of 8-amylase, and it is 
consistent both with the value of the observed limit of phosphorolysis of 
glycogen and with the amount of maltose formed from phosphorylase 
limit dextrin by B-amylase. 

Priming Ability of Polysaccharides—As shown in Fig. 4, the limit dextrin 
prepared from glycogen by exhaustive treatment with B-amylase had a 
negligible priming effect for muscle phosphorylase. On the other hand, 
the limit dextrin prepared from glycogen by exhaustive treatment with 
phosphorylase was about one-half as active as an equal weight of glycogen. 
The difference can be ascribed to the different lengths of the outer stubs of 
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the two limit dextrins, as discussed in the preceding section. The influence 
of chain length on priming ability could also be shown in an experiment 
with glycogen which had been incompletely (31 per cent) degraded by 
muscle phosphorylase. This material contained only 6 per cent of linkages 
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Fig. 4. Glycogen limit dextrins as primers of muscle phosphorylase. Reaction 
mixtures contained 0.016 m l-ester and 0.015 m cysteine. Enzyme dilution 1:200, 
pH 6.8. 0 no primer added; @ 240 mg. per cent of LD (glycogen; 6-amylase); A 40 
mg. per cent of LD (glycogen; muscle phosphorylase); X 60 mg. per cent of LD 
(glycogen; muscle phosphorylase); O 60 mg. per cent of glycogen. 


which could be split by phosphorolysis; in a concentration of 60 mg. per 
cent it was as effective as primer for muscle phosphorylase as an equal 
weight of glycogen. 

Potato phosphorylase, in contrast to muscle phosphorylase, can be 
activated by short linear chains; for example, those formed by partial 
acid hydrolvsis of the evelic Schardinger dextrins (15). In the case of 
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the a-dextrin the longest chains cannot be more than 6 glucose units. 
In order to determine whether or not the reducing ends of the chains are 
essential for the priming effect, they were oxidized with iodine as described 
under methods. The experiment in Table II shows that the chains 
with a carboxylic terminal were nearly as effective as primers as those 
with an aldehydic terminal. Both were transformed into longer chains 
which gave a blue color with iodine. The addition of glucose units must 
therefore have occurred at the non-reducing end of the chains. 

Since there is disagreement in the literature as to the priming ability of 
dextrans (16-18), some additional experiments were undertaken with the 
following materials: a viscous dextran ([a], in N NaOH, 200-203°), its 
acid hydrolysis products with average degrees of polymerization of 55, 


TaBLe II 
Priming Action of Dextrinic Acids on Potato Phosphorylase 


Composition of reaction mixtures: l-ester, 0.03 m; citrate buffer, pH 6.0, 0.05 m; 
primer, 30 mg. per cent in terms of original weight of a-Schardinger dextrin; phos- 
phorylase, 0.1 ml. of enzyme solution in 1.0 ml. of reaction mixture. With 100 mg. 
per cent of soluble starch as primer, 8 um of inorganic phosphate per ml. were liber- 
ated in 10 minutes. 





| Color with fodine Inorganic phosphate, um 





Primer lafter incubation for per ml., after incubation for 
12 min.* {| — _—_——— 
| Omin. | 5 min. 12 min. 
MM oe es hc eae ct cht Cre UTE None 0.3 0.3 | 0.3 
Hydrolysate of a-dextrin.................. Blue | 0.38 | 8.0 | 6.6 
Oxidized hydrolysate of a-dextrin..........| - 0.3 2.5 | 5.2 





* At zero time, there was no color formation with iodine. 


35, and 15, respectively, and a dextran with low viscosity obtained from 
an autolyzed bacterial culture. The materials were tested both di- 
rectly and after dispersal in 3 N potassium hydroxide, followed by neutral- 
ization, in concentrations as high as 500 mg. per cent. In no case was any 
priming effect observed with these materials on either muscle or potato 
phosphorylase. 

A dextran isolated by Hassid and Barker (19), and previously tested 
in this laboratory, was again found to activate potato phosphorylase, 
when used in high concentration after dispersal in alkali. 

Effect of LD (Glycogen; Phosphorylase) on Equilibrium—The fact that 
LD (glycogen; phosphorylase) can act as primer but cannot be degraded 
by phosphorylase offered an opportunity for testing the theory that 
polysaccharide synthesis consists in the addition of glucose units to primer 
end-groups (20). In the formulation shown below, the following abbrevi- 
ations will be used. G,4. represents a branched polysaccharide with 
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outer chains which consist on an average of n + 2 glucose residues in 
a-1,4 linkage, while G, represents the corresponding limit dextrin whose 
outer chains are n glucose residues long. As discussed in a preceding 
section, n probably has the value of 3 in the case of the phosphorylase 
limit dextrin of glycogen. Glucose-1-phosphate and inorganic phosphate 
are represented by G-1-P and P, respectively. The conversion of G, to 
Gn+z2 can be visualized as a series of successive reversible reactions with 
equilibrium constants designated as k;, ke, ks, etc. 








G,+ GLP = G.,.+?P as aaa 
Gaye + G1-P = Gaya + P b= a 
Gase-n + GP = Gaye +P he [G.,2IP] 





~ [Gnyie—nllG-1-P] 

It may be seen that k, contains the term [Gn4,] which cancels a corre- 
sponding term in ke and so on, so that the equilibrium constant of the 
over-all reaction will be‘ 

[Gn,<][P}* 
~ [GallG-1-P} 


Previous experiments (21, 16) have shown that the ratio of inorganic 
phosphate to glucose-l-phosphate at reaction equilibrium in the presence 
of muscle phosphorylase is not changed when the concentration of added 
glycogen is varied between 0.02 and 1 per cent. It has been observed 
similarly that the ratio, inorganic phosphate to glucose-1-phosphate, at 
reaction equilibrium in the presence of potato phosphorylase is inde- 
pendent of the concentration of added starch within wide limits (9). 
This may be explained by the fact that the limits for the general equation 
(x = 1 or e = 200) were not approached when equilibrium was reached. 
Starting with glycogen, n + zx is approximately 6, and as shown above, 
for reactions intermediate between k, and k, there is a cancellation of 
successive terms, so that the concentration of added polysaccharide does 
not enter into the calculation of the equilibrium constant. Expressed in 
other words, one might say that within certain limits the concentration of 
end-groups remains the same whether the outer chains of glycogen or 
starch are made longer or shorter by the addition or removal of glucose 
units. 


kiXkeXks...Xike 


‘The writer is indebted to Dr. M. Cohn for suggestions relating to this equation. 
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The two terms which do not cancel out and therefore should have an 
effect on the equilibrium are G, and G,¥4: (x being a large number). 
An analysis of the effect of the term G42 is made difficult by the fact that, 
when very long polysaccharide chains are formed, they precipitate out of 
solution. It seems probable, however, in analogy with the formation of 
other polymers, that chain length per se becomes a limiting factor. In 
previous experiments the maximal chain length which could be attained 
with glycogen as primer was about 200 (15). 

The special case represented by x = 1 with the limit dextrin, G,, as 
primer may now be examined. The concentration of G, (in terms of 
primer end-groups) has to be equal to or greater than the initial concen- 
tration of glucose-l-phosphate, so that at most one chain unit can be 
added for each available primer end-group. One would then expect a 
shift in the equilibrium toward the side of polysaccharide synthesis. Fur- 
thermore, there should be in this special case a dependence of the equilib- 
rium on the concentration of added primer. Experiments designed to 
test these predictions are shown in Table ITI. 

In Experiment 1, the initial ratio, inorganic P:1l-ester P, was set at 4.8. 
No reaction took place during incubation with phosphorylase without 
added primer. From previous determinations of the equilibrium ratio at 
the particular pH used, one could expect a shift towards a lower ratio; that 
is, some inorganic phosphate would be removed in the conversion of gly- 
cogen to glucose-l-phosphate. This expectation was fulfilled when gly- 
cogen was used as primer. In contrast, with LD (glycogen; phospho- 
rylase) as primer the reaction proceeded in the opposite direction; that is, 
polysaccharide was being synthesized instead of being broken down. Con- 
sequently, glucose-1-phosphate disappeared and inorganic phosphate was 
formed, so that the terminal ratio increased very markedly over that ob- 
served with glycogen as primer. 

In Experiment 2 the initial ratio, inorganic P:1l-ester P, was such that 
with glycogen as primer a shift to a higher ratio was to be expected. Prim- 
ing with either polysaccharide brought about polysaccharide synthesis, but 
with the limit dextrin as primer the terminal ratio was again much higher 
than with glycogen as primer. 

Experiments 1 and 2 show also that the terminal ratio, inorganic P:1- 
ester P is influenced by the concentration of added limit dextrin. Assum- 
ing that LD (glycogen; phosphorylase) contains 14 per cent terminal glucose 
units, the molar concentration of these can be calculated. This permits 
one to approximate the equilibrium constant, /,, as follows. At the start 
of the reaction there are no chain units present in the limit dextrin which 
can be split off by phosphorolysis, while at equilibrium the number of 
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chain units which can be removed by phosphorolysis corresponds to the 
number of glucose-1-phosphate molecules which have disappeared. Hence, 
[4 G-1 1-P}[P} 
[GallG-1-P] 


ky calculated in this manner from the data of Table III yielded 1,25, 


1.35, and 1.56 for concentrations of limit dextrin of 1.0, 0.5, and 0.25 per 
cent respectively. 





1 = 


TaBLe III 


Effect of Polysaccharides on Ratio of Inorganic Phosphate to Glucose-1!-phosphate at 
Equilibrium 

Reaction mixtures consisted of potassium phosphate, dipotassium salt of 1-ester, 
0.01 m cysteine, polysaccharide, and muscle phosphorylase diluted 1:50. pH 7.3. 
1 ml. samples were treated with 3 ml. of magnesia mixture to remove inorganic phos- 
phate, the suspensions being filtered after standing for 10 hours. Glucose-1-phos 
phate was determined in aliquots of the filtrates as phosphorus hydrolyzed in 7 min 
utes in N H2SO. at 100°. The phosphate values 2 are given in micromoles per ml. 

















Inorganic shosphate after seco mpg oa Inorganic phosphate 
igent Polysaccharide added, per cent glucose| weer cubation for — Petia 
oO. | 
| 0 min. | 30 min. | 60 min. | 0 min. | 30 min. | Initial Re. 
——_ —-- | | | i j £3 
1 {None han.2}11.2|a1.2{2.3¢/2401 48 | 427 
Glycogen, 1.00 | 11.1] 10.7 | 10.8 | 2.25} 2.49) 4.9 | 4.3 
LD (glycogen; phosphoryl-| 12.0 | 13.3 | 13.0 | 2.38! 1.36! 5.0 | 9.6 
ase), 1.00 | 
2 |None | 2.60 2.60 2.60) 1.05 | 1.03 | 2.5 2.5 
\Glycogen, 0.50 | 2.60) 2.98 2 96) 1.05 | 0.75 2.5 3.9 
ILD (glycogen; apernesretd bat 3. 00! 3.66 3.72, 1.06 0.44) 2.8 8.4 
| ase), 0.50 | | 
ILD (glycogen; phosphor 2.71| 3.20 3.22 1.03/ 0.53) 2.6 6.1 
| ase), 0.25 | | | | 





These results give further support to the theory (20) that polysaccharides 
act as primers in the direction of synthesis because they enter stoichio- 
metrically into the reaction catalyzed by phosphorylase. 


It is a privilege to acknowledge the guidance of Professor C. F. Cori 
and Professor G. T. Cori in the conduct of this investigation. 


SUMMARY 


1. Branched polysaccharides (glycogen, amylopectin fractions of several 
seed and tuber starches, and a bacterial amylopectin) could only be de- 
graded partially (40 + 5 per cent) by recrystallized muscle phosphory- 
lase, while the degradation of the linear fraction of corn-starch neared 
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completion after long incubation. Bacterial dextrans and limit dextrins 
formed from branched polysaccharides by 8-amylase were not degraded 
significantly by recrystallized muscle phosphorylase. 

2. The limit dextrin of glycogen, formed by exhaustive action of muscle 
phosphorylase, could still be hydrolyzed by 6-amylase to an extent of 
24 per cent, or roughly an equivalent of 1 mole of maltose per calculated 
end-group. The priming effect of glycogen disappeared after treatment 
with 8-amylase but not after treatment with muscle phosphorylase. These 
results suggest that the outer stubs of the phosphorylase limit dextrin of 
glycogen are at least 3 glucose units long, and that this is the minimum 
chain length required for priming effect. Native and partially degraded 
specimens of a bacterial dextran failed to prime muscle phosphorylase. 
Oxidation of the terminal aldehydic group had little effect on the priming 
ability of short amylose chains for potato phosphorylase. 

3. The phosphorylase limit dextrin of glycogen, G,, was used as 
primer in a concentration (in terms of end-groups) equal to or greater 
than the initial concentration of glucose-l-phosphate, G-1-P. In this 
special case, the ratio, P:G-1-P, at equilibrium of the reaction, G, + G-1- 
P=Grn+1 + P, was shown to depend on the concentration of added 
primer. The value of the equilibrium constant for the above reaction 
varied between 1.3 and 1.5 when the concentration of added primer was 
varied 4-fold. This indicates that the primer end-groups enter stoichio- 
metrically into the reaction catalyzed by phosphorylase. 
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Beginning with the fundamental observation of Warburg in 1913 (1) it 
has been a general finding that the more highly organized enzyme systems of 
animal tissues responsible for oxidation of metabolites by molecular oxygen 
are associated with the insoluble particulate portion of the cell. Among 
the several approaches which have been used to study the morphology and 
composition of such catalytically active particulate material, the most fruit- 
ful has been the differential centrifugation technique for separation of 
nuclei, mitochondria or “‘large granules,” and other substructures developed 
by Bensley and his school (2) and refined by Claude (3, 4) and Hogeboom, 
Schneider, and Pallade (5, 6). Considerable work on the composition and 
enzymatic activity of the various particulate fractions has been described 
by the Rockefeller group (7, 8), Schneider (9), and other investigators. 
For instance, quantitative assays have revealed that most of the succinoxi- 
dase and cytochrome oxidase activity is present in the mitochondria or 
“large granules” (7). 

In this laboratory studies have been made on the enzymatic oxidation of 
fatty acids to acetoacetate and also via the Krebs tricarboxylic acid cycle. 
These complex and highly organized reactions take place in suspensions of 
particulate material separated from rat liver homogenates by centrifugation 
(10, 11). Certain observations on the properties of this enzyme system 
(11) suggested that the activity was to some extent dependent on osmotic 
factors, and Potter, on the basis of measurements of “cytolysis quotients,” 
suggested that the activity was present only in intact cells (12). 

With the publication of what appears to be a definitive method for the 
isolation of mitochondria or “large granules” by Hogeboom, Schneider, and 
Pallade (5, 6), it was possible to demonstrate that mitochondria isolated by 
this method bear all the demonstrable fatty acid oxidase activity of whole 
rat liver. The particulate material isolated by this method is stated to be 
homogeneous and identical in morphology and vital staining characteristics 


* This investigation was supported by grants from the American Cancer Society 
(recommended by the Committee on Growth of the National Research Council), 
Mr. Ben May, Mobile, Alabama, and the Nutrition Foundation, Inc. 

t Nutrition Foundation Fellow in Biochemistry. 
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with the mitochondria of the intact cell (6); mitochondria isolated by 
the earlier procedures of Bensley and Hoerr (2) and Claude (3) apparently 
represent partially damaged forms without these properties. 


Since the publication of our preliminary note on the localization of fatty 
acid oxidase activity in these particles (13), Schneider has published a con- 
firmatory report (14). This paper is concerned with the experimental de- 


tails of the basic experiments. 


EXPERIMENTAL 


Analytical M ethods—Octanoate was determined by the method of Lehnin- 
ger and Smith (15), acetoacetate by a modification of the method of Green- 
berg and Lester (16), and citrate by the method of Speck, Moulder, and 
Evans (17). Manometric measurements of oxygen uptake were made at 
30° in Warburg vessels of conventional design with air as the gas phase. 
Flasks were equilibrated for 5 minutes prior to closing of the taps. Deter- 
minations of inorganic and total phosphorus were made according to the 
method of Gomori (18) and partition of the phosphorus of the enzyme 
preparations was carried out according to methods described by Schneider 
(19) and Schmidt and Thannhauser (20). Radioactivity measurements 
were made on thin layers of aqueous solutions by means of a Geiger-Miiller 
counting tube and recording apparatus of standard commercial type. Sep- 
arations of esterified phosphate for these measurements were performed as 
described elsewhere (21). 

Preparation of Mitochondria from Rat Liver—The procedure of Hogeboom, 
Schneider, and Pallade (5, 6) was used for the preparation of the particu- 
late fractions of rat liver. Normal adult albino rats of Sprague-Dawley 
stock were used throughout this study. The animals were killed by de- 
capitation and exsanguinated. The livers were quickly removed and chilled 
in cracked ice. All operations during the preparation of the fractions 
were carried out in a room maintained at 2° and all reagents and apparatus 
were previously chilled. The fresh, chilled rat liver was homogenized in 
9 volumes of cold 0.88 m sucrose in a glass homogenizer of the type de- 
scribed by Potter and Elvehjem (22). Nuclei, whole cells, stroma, and 
erythrocytes were removed by three successive centrifugations, each of 3 
minutes duration, at about 1500 X g in the Sorvall model SP centrifuge. 
The mitochondria were then sedimented from the cleared supernatant by 
centrifugation in a Sorvall model SS-1 centrifuge at 18,000 X g for 20 min- 
utes. The sedimented mitochondria were washed by resuspension in 10 
volumes of 0.88 m sucrose, followed by resedimentation for 20 minutes at 
18,000 X g. The supernatant was carefully decanted and the washed mito- 
chondria were taken up in sufficient ice-cold 0.15 mM KCl or water (about 
5.0 ml. for each gm. of whole tissue used as starting material) to yield a sus 
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pension containing about 1 mg. of total nitrogen per ml. The final con- 
centration of KCl in the fatty acid oxidase test system was about 0.05 m, 
a value shown to be near the optimum for fatty acid oxidation in a pre- 
vious study (11). In experiments in which the mitochondria were taken 
up in distilled water, sufficient KCl was added to the test flasks to pro- 
vide a final concentration of about 0.05 m. 

Throughout these fractionations, it was found essential that low tempera- 
tures be maintained in order to preserve enzyme activity. We have found 
that the Sorvall angle centrifuges are especially well adapted for this pur- 
pose, since the temperature rise during centrifugation in the cold room is 
held toa minimum. The International refrigerated centrifuge has also 
been used with complete success. Although these fractions can be obtained 
at higher temperatures, their ability to oxidize fatty acids and Krebs 
cycle intermediates then becomes greatly attenuated or lost, probably be- 
cause of enzymatic destruction of as yet unidentified cofactors. 

Microscopic examination showed that the mitochondria so prepared were 
free of whole cells, nuclei, and débris, confirming the work of Hogeboom 
et al. who have stated that this procedure yields morphologically intact 
mitochondria free of extraneous elements (6). We have found that these 
preparations are contaminated to a small degree with erythrocytes. These 
extraneous elements may be removed by taking up the unwashed pellet 
of mitochondria which had been sedimented once in 10 volumes of 0.88 m 
sucrose as described above, and subjecting the suspension at this point 
to two or three preliminary sedimentations at low speed (2000 X g), each 
of 5 minutes duration. The main bulk of the mitochondria, now freed of 
red blood cells, is then sedimented by means of a 20 minute centrifugation 
at 18,000 X g. This procedure also reduces the desoxypentose nucleic acid 
phosphorus content of the mitochondria preparations to vanishingly small 
values. The phosphorus distribution in the mitochondria is discussed more 
fully in a later section of this paper. 

To avoid the necessity of a high speed centrifuge for the preparation of 
mitochondria, we have also used an abridged procedure which yields prep- 
arations of mitochondria which are entirely satisfactory for the study of the 
enzyme systems involved in this report. The 0.88 m sucrose extract of rat 
liver, freed of nuclei and whole cells exactly as described above, is sedi- 
mented at 2400 X g for 30 minutes at 0° in the Sorvall model SP angle 
centrifuge. The supernatant is decanted and the mitochondria are then 
washed by resuspension in 10 volumes of 0.15 mM KCl and resedimented by 
centrifugation for 7 minutes at 2400 X g. While the yield of mitochondria 
obtained by this procedure is not so large as in the standard procedure, the 
material appears to be identical in composition and enzymatic activity. 
Asecond abridged procedure has also been used for preparing mitochondria. 
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The 0.88 m sucrose extract of rat liver, after removal of nuclei, etc., by 
preliminary centrifugations as outlined by Hogeboom et al., is treated 
with 0.1 volume of 1.5 m KCl and allowed to stand in an ice bath for 
5 to 10 minutes. The addition of salt causes agglutination of a large 
part of the mitochondria and they are now sedimentable in 5 to 10 minutes 
at 2000 X g. The sedimented material can then be washed with 0.15 » 
KCI solution to free it of sucrose. Such material appears to be identical 
in enzymatic behavior with the material obtained by the original method 
of Hogeboom et al. and is obviously more convenient to prepare. 

All experiments reported in this paper were done with mitochondria 
prepared by the original method of Hogeboom et al. with or without the 
additional low speed centrifugations to remove extraneous erythrocytes. 

Distribution of Fatty Acid Oxidase Activity in Particulate Fractions of 
Rat Liver—The three principal fractions obtained from 0.88 M sucrose 
homogenates by the procedure of Hogeboom et al. described above were 
tested for fatty acid oxidase activity. Sodium octanoate was used as sub- 
strate in the standard test system described previously (11). The frac- 
tions tested were the ‘“‘nuclear precipitate,’ containing principally nuclei, 
whole cells, erythrocytes, and stroma, together with some mitochondria; 
the mitochondria or “large granules’’ of the rat liver, in a purified condition 
almost entirely free of extraneous structures; and the supernatant, con- 
taining “microsomes” (6), ultramicroscopic particles, and the soluble ma- 
terial of the rat liver homogenates. In these experiments, the “nuclear 
precipitate” was washed once with ice-cold isotonic KCl to free it of oxi- 
dizable metabolites. No attempt was made to free the final supernatant 
of sucrose, which was thus present in the flasks at about isotonic concentra- 
tions. Previous work has shown that this concentration of sucrose is 
somewhat inhibitory to the oxidation. 

Typical results of such tests are summarized in Table I. It is seen that 
only the mitochondrial fraction has the ability to oxidize octanoate as evi- 
denced by octanoate disappearance, oxygen uptake, and acetoacetate for- 
mation. In comparable amounts as judged by total nitrogen determina- 
tion, the ‘nuclear fraction” and the supernatant were quite inactive in 
fatty acid oxidation. Furthermore, other experiments in which suspet- 
sions of mitochondria were tested in combination with the nuclear fraction 
and with the supernatant indicated that there was no stimulation of fatty 
acid oxidation over that shown by the mitochondria alone, nor was there 
any significant inhibition. Schneider (14) has found that the addition of 
either the nuclear fraction or the supernatant or both to the mitochondrial 
fraction increased the activity of the latter slightly. However, Schneider 
did not add to his test system catalytic amounts of the C,-dicarboxylie 
acids needed for the full activity of the fatty acid oxidase system (ll). 
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It is possible that the other fractions contributed trace amounts of such 
compounds, accounting for the small stimulation observed by Schneider. 
These preparations of mitochondria showed activity in the oxidation of 
fatty acid, based on total enzyme nitrogen values, at least as great as the 
most active preparations obtained previously from isotonic saline homog- 
enates. The Qo: of such preparations (c.mm. of oxygen taken up per 


TABLE I 


Fatty Acid Oxidase Activity of Fractions Prepared from 0.88 m Sucrose Homogenates 
of Rat Liver 


The Warburg vessels contained a final volume of 5.0 ml. The final concentrations 
of added substances were as follows: KCl, 0.05 m; sodium L-malate, 0.0005 m; 
MgSO,, 0.005 m; phosphate buffer, pH 7.4, 0.01 mM; adenosine triphosphate, 0.0005 
m; and cytochrome c, 1 X 10-5 m. Water was substituted for sodium octanoate, 
0.002 M, in control vessels. The flasks were incubated at 30° for 45 minutes with 
air as the gas phase. An aqueous suspension of the nuclear precipitates and mito- 
chondrial fractions was added to the respective test systems in amounts representing 
the yields from 450 mg. of fresh, wet tissue in Experiment 1, and 375 mg. in Experi- 
ment 2. The supernatant fraction was derived from 150 mg. of fresh tissue in each 
experiment. 











Experi- | | | Octanoate | Acetoace- 
meat Fraction | aotne | Octanoate | oe a | te me 
| omg. | | om | pe | oe 
1 | Mitochondria............. ae |) = | ea | 0.3 
| 2.7 | + | 2.2 8.0 8.5 
| “Nuclear ppt.’’.. | Sea | 1.5 0.3 
| 35 | + 2.3 0.9 1.1 
| Supernatant... | 45 | = 1.3 0.2 
| 4.5 | + 1.0 0.2 
2 | Mitochondria............. — 3.0 0.5 
+ 16.1 5.1 4.1 
) ‘Nuclear ppt.’’........ } = 2.9 0.0 
a 3.4 0 |  @28 
| Supernatant.............. bo ee 2.9 
+ 3.3 


mg. of dry weight per hour at 38° in the presence of octanoate substrate) is 
approximately 65 to 70. Due to variable losses of activity during prepara- 
tion, it is probable that these values are not maximal. 

It was of considerable interest to determine whether the cofactor re- 
quirements of the fatty acid oxidase complex in the mitochondria were 
essentially the same as those previously described (11) for saline-washed 
particulate material of rat liver. The requirements of the suspensions of 
mitochondria for added cofactors needed for fatty acid oxidation are sum- 
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marized in Table II. It can be seen that they are identical with those pre- 
viously reported, magnesium ions, neutral salt, adenosine triphosphate, 
cytochrome c, and catalytic amounts of malate being necessary for ful] 
activity. In the mitochondria, however, the oxidation proceeds at about 
half the optimum rate in the absence of added cytochrome c. The water 
suspensions of saline-washed enzyme previously studied were almost com- 
pletely dependent upon added cytochrome c for activity (11). This dif. 
ference is most probably due to the fact that the method used for the prep. 
aration of the purified mitochondria allows these structures to be obtained 
in a more nearly undamaged form, without loss of cytochrome c by “‘leach- 
ing out” during the course of the preparation. It should be noted further 


TaB_e II 
Requirements of Fatty Acid Oxidation in Mitochondria 


The system is identical with that described in Table I, except that incubation was 
for 70 minutes. When the components were omitted, water was substituted to main- 
tain the volume constant. The mitochondria were added as an aqueous suspension, 
containing about 1.3 mg. of enzyme N per flask, after sucrose had been removed 
by washing with isotonic KCl. 














ee a 

Mee a ie uM uM uM 

Complete system........... 12.3 2.7 2.2 
Octanoate omitted..... 2.5 0.5 
Malate omitted......... veces] 0.93 0.2 0.4 
= ihn hids ic se0. 3.6 | 0.0 0.6 
Cytochrome c omitted............ | 8.5 | 1.3 1.4 
ee. ore ee 3.2 0.0 0.5 
0.45 | 0.0 0.2 
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that a requirement for added KCl or other solute, previously shown to be 
necessary for the enzyme complex, can be demonstrated for the purified 
mitochondria only if these particles are first washed free of sucrose, which 
otherwise completely replaces added KCl, as previous work has shown (II). 
Schneider (14) reported that mitochondria isolated from 0.88 M Ss 
crose homogenates showed very low rates of octanoate oxidation. How 
ever, he did not supplement his test system with the C,-dicarboxylic acids 
As the data in Table II show, the presence of malate is absolutely essential 
for oxidation of octanoate in mitochondria prepared by this method and 
this fact probably explains his failure to find appreciable activity. 
Localization of the fatty acid oxidase activity in the mitochondria pit 
pared from 0.88 m sucrose suspensions implies that the saline-washed par 


ticulate material previously studied (11) actually was enzymatically active | 
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because of its content of mitochondria. In order to settle this point con- 
clusively, a saline-washed preparation of the particulate matter of rat 
liver was made (11), suspended in 10 volumes of 0.88 sucrose, and lightly 
homogenized. This suspension was then subjected to the procedure of 
Hogeboom et al. for obtaining mitochondria from whole liver. Three 
centrifugations at 2000 X g were made to remove nuclei, erythrocytes, 
and whole cells. ‘The mitochondria remaining in the suspension were then 
sedimented at high speed and washed as usual. A control preparation of 
mitochondria made from the same weight of the same rat liver was isolated 
directly by the technique described in the preceding section. Both sus- 
pensions of enzyme were tested for fatty acid oxidase activity. The re- 
sults are summarized in Table III. The data clearly indicate that the 


TABLE ITI 


Activity of Mitochondria Isolated from Saline-Washed Enzyme System Compared with 
Mitochondria Isolated Directly from Fresh Liver 


The test system is the same as that in Table I, except that the octanoate concen- 
tration was 0.001 mM. Water was added to replace octanoate in control flasks, and 
incubation was for 60 minutes. Mitochondria derived from 375 mg. of fresh tissue 
were added to each flask. 


? + Oxygen Octanoate | Acetoacetate 
Mitochondria Octanoate uptake disappearance formation 





uM uM uM 

From fresh liver = 3.3 0.1 
+ 15.3 5.0 5.7 
Isolated from saline-washed enzyme bit 0.2 
4.9 


+ 14.9 5.0 


saline-washed particulate enzyme system previously studied contains suf- 
ficient particulate material, having sedimentation characteristics identical 
with those of mitochondria from fresh whole liver extracts, to account for 
all the fatty acid oxidase activity observed in the crude preparation. The 
finding that the mitochondria, as isolated by the sucrose procedure from the 
whole liver cells, are the site of the enzymatic oxidation of fatty acid, and 
that apparently identical particles can be extracted by the same procedure 
from particulate rat liver enzyme preparations show identical activity, 
strongly supports the view that the mitochondria or “large granules” are 
the sole intracellular structures of the rat liver active in fatty acid oxida- 
tion under the test conditions used. It should be stressed that the fatty 
acid oxidase system is made up of many individual enzymes and is ob- 
viously extremely complex. It is conceivable that the nuclear fraction or 
the supernatant may actually contain some of the individual enzymes neces- 
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sary for fatty acid oxidation but may be totally deficient in one or more 0 
enzymes of the system, causing over-all inactivity. T 
Oxidation of Krebs Tricarboxylic Acid Cycle Intermediates in Mitochondria— fr 

Since the saline-washed particulate material previously studied contains 
all the enzymes involved in the Krebs cycle and since the mitochondria had | 4; 
previously been shown to contain considerable succinoxidase activity (7), | 4 
it was of interest to determine whether isolated mitochondria also possessed | ff 
TABLE IV ; 
Activity of Subcellular Fractions of Rat Liver in Oxidation of Intermediate Compounds pl 
of Krebs Cycle | pe 
The flask contents were as follows: glycylglycine buffer, pH 7.2, 0.033 m; adenosine or. 
triphosphate, 0.0005 m; cytochrome c, 1 X 10-'m; MgSO,, 0.005 m; 0.1 ml. of ortho. | eq 


phosphate containing P*, 359,000 counts per minute (the phosphate esterification | 
data are in Table VI). The final concentration of substrates was 0.01 M in each 
case, except for oxalacetate and pyruvate which were added together at a concentra- 
tion of 0.005 m each. Mitochondria and nuclear precipitate fractions were added, | 
so that each flask contained an amount of material derived from 225 mg. of fresh wet 











liver tissue. The flasks containing supernatant were tested with the material pH 
derived from 90 mg. of tissue. The final volume was 3.0 ml.; incubation for 40 mm 
minutes with air as gas phase. iy 
eS  — ——— ——————— patie ae Oo 
Fraction Substrate | Oxygen uptake } air 

uM 
Mitochondria | Citrate 7.4 =e 

a-Ketoglutarate 6.3 I 
Pyruvate + oxalacetate 7.1 ) Py 
None 0.18 } Ma 
“Nuclear ppt.” Citrate 1.9 : Pyr 
a-Ketoglutarate 1.7 | Nor 
| Pyruvate + oxalacetate 0.98 fe 
None 0.0 “ 
Supernatant Citrate 0.54 _ 
a-Ketoglutarate 0.0 / Suc 
| Pyruvate + oxalacetate 1.4 | labe 
| None 0.31 ino! 
Ds 4. %o! Tel Ries es ee, ae acic 
the enzymatic equipment necessary for the oxidation of pyruvate and other } oft 
intermediates of the Krebs cycle. The results of a typical experiment in in] 


Table IV indicate that intermediate compounds of the Krebs cycle are tion 
readily oxidized by suspensions of rat liver mitochondria. The nucleat exte 


and microsome fractions showed slight activity, which may have been due P 
to contamination of these fractions by mitochondria. The substrate’ | desc 
tested in this experiment were pyruvate plus oxalacetate, citrate, and } pha; 
a-ketoglutarate. These oxidations represent key enzymatic steps of the | fact 
Krebs cycle. In addition, these mitochondrial preparations are capable | dist 
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of catalyzing the condensation of oxalacetate and pyruvate to yield citrate. 
The experiment summarized in Table V shows aerobic citrate formation 
from pyruvate when malate served as a source of oxalacetate. 
Esterification of Phosphate Coupled to Oxidation in Mitochondrial Prepara- 
tions—The oxidation of fatty acids and of the intermediate compounds of 
the Krebs cycle proceeds with the release of considerable amounts of energy. 
It is now well known that energy released during oxidations over the Krebs 
cycle may be recovered in part by coupled esterification of inorganic phos- 
phate. More recently it has been shown that oxidation of octanoate by 
particulate rat liver preparations also caused coupled esterification of in- 
organic phosphate (11). In order to determine whether the enzymatic 
equipment necessary for esterification of phosphate coupled to Krebs cycle 


TABLE V 
Citrate Formation from Malate and Pyruvate in Mitochondria 


The flask contents were as follows: 0.05 M KCl, 0.005 m MgSO,, 0.01 m phosphate, 
pH 7.4, 0.0005 m adenosine triphosphate, and 10-' m cytochrome c. The final con- 
centration of malate and pyruvate was 0.01 M in each ease, and the final volume 
was 3.0ml. Each flask contained mitochondria suspended in 0.15 m KCl equivalent 


to about 1 mg. of enzyme N. The time of incubation was 65 minutes at 30° with 
air as the gas phase. 








Substrate | Oxygen uptake Pyruvate used Citrate formed 
uM uM | uM 
Pyruvate only.................... — * | 18.4 | 3.9 
hii 5 55 oe 10.7 2.3 
Feruvate + malate... ....:.. 5. 13.5 9.4 10.4 
| RR ee Otro re cre | 0.5 0.0 





oxidations and to fatty acid oxidation is present in purified mitochondria, 
such oxidations were carried out in the presence of inorganic phosphate 
labeled with P*. At the completion of the incubation, the carrier-diluted 
inorganic phosphate was removed from the neutralized trichloroacetic 
acid filtrates by repeated magnesia precipitation (21) and the radioactivity 
of the esterified phosphorus fractions determined. The data are presented 
in Table VI. It can be seen from these data that both Krebs cycle oxida- 
tions and octanoate oxidation in the suspensions of mitochondria cause 
extensive incorporation of the P* into the esterified fraction. 

Phosphorus Distribution in Purified Mitochondria—Previous workers in 
describing the chemical constitution of the mitochondria (4, 23) have em- 
phasized the high content of phospholipide in these structures and the 
fact that they contain nucleic acid of the pentose nucleic acid type. The 
distribution of phosphorus in a typical preparation of mitochondria made 
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by the standard method of Hogeboom et al. (5) is presented in Column | 
of Table VII. Characteristically high values of phospholipide phosphorus, 


TaBLeE VI 
Esterification of Phosphate Coupled to Oxidations in Mitochondria 
The conditions of Experiment 1 (Krebs cycle oxidations) were exactly as described 
for experiments summarized in Table IV. In Experiment 2 (fatty acid oxidation) 
vessels contained 0.005 m MgCl., 0.01 m glycylglycine buffer, pH 7.4, 1 X 10° y 
cytochrome c, 0.001 m adenosine triphosphate, 0.0001 m malate, 0.05 m KCl, 0.001 » 
octanoate, and inorganic orthophosphate labeled with 157,000 counts per minute 
of P®, Octanoate was omitted in the control vessel. The time of incubation was 
20 minutes at 30°. 








! 











— Substrate | O: uptake | — | aa ed 
| uM 7 per cent 

1 | None | eae <4 24.2 0.67 

| Citrate eo. 106 31.3 

| a-Ketoglutarate | 6.3 | 113 39.3 

| Pyruvate + oxalacetate 7.1 | 113 | 82.6 

2 ' None (0.0001 m malate present) 0.5 | 37 3.2 

Octanoate 4.5 


121 27.8 








Tasie VII 
Distribution of Phosphorus in Mitochondria Derived from 0.88 m Sucrose Homogenates 
of Rat Livers 


Total nucleic acid phosphorus was determined by the method of Schneider (19). 
Pentose nucleic acid was differentiated from desoxypentose nucleic acid by the 
method of Schmidt and Thannhauser (20). In Column 1 are listed values obtained 
for mitochondria isolated by the original method of Hogeboom et al. (6). In Column 
2, values are given for such mitochondria which had been freed of erythrocytes and 
other extraneous elements by the modification described in the test. 





Per cent of total P 








Fraction | Meche ot Mepibiee Modified method 
(1) (2) 
wane ee a eee ee ee eae aries | snenemepsitiigranentianepie heinpriese 
SS OE TORS SET OEE TN 21.3 15 
Ea eer | 56 | 56 
errr errr | 19.3 21.3 
ga espa WRREE < aa eae | 6.0 | 7.2 
Desoxypentose nucleic acid P............... 1.5 0.5 
Pentose nucleic acid P....................4. 17.8 20.8 
OS Re re ee eee | 11.8 41.6 





and the predominance of pentose nucleic acid, with only small amounts of 
desoxypentose nucleic acid, are to be noted. These figures are in fair 
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agreement with those published by Hogeboom et al. (6) and Schneider (9). 
Their data did not include direct measurement of both nucleic acids on the 
mitochondrial fraction but did show that almost all of the desoxypentose 
nucleic acid was in the first nuclear precipitate. Our direct analysis of the 
mitochondria shows the presence of appreciable amounts of DNA,! which 
may be due to contamination by other morphological elements. In Col- 
umn 2 is given the phosphorus distribution in another preparation of 
mitochondria which had been subjected to more extensive removal of ex- 
traneous elements by repeated centrifugation at low speed prior to the re- 
sedimentation of the washed particles at high speed as already described. 
It can be seen that this procedure has reduced the amount of DNA and 
raised the ratio of PNA:DNA from 11.8 to 41.6. This ratio represents 
the analytical limit of the methods of Schneider and Schmidt and Thann- 
hauser for measuring pentose nucleic acid and DNA in our hands. Prepara- 
tions with very low DNA values thus obtained were found to be active in 
the oxidation of fatty acids. It is difficult to determine whether the last 
trace of DNA phosphorus in the preparations studied is analytically signifi- 
cant. It is of course conceivable that trace amounts of DNA are present 
normally in the mitochondria. 

Fatty Acid Oxidase Activity of Mitochondria Obtained by Other Procedures— 
It was found in the course of this work that the choice of solvents in which 
the rat liver was homogenized prior to fractionation was of critical impor- 
tance in the distribution of the fatty acid oxidase activity. When distilled 
water or distilled water made slightly alkaline by the addition of NaOH 
(“neutral water’) was used as the medium for the preparation of mito- 
chondria and other particulate fractions according to the procedure of 
Schneider (9), no activity in the oxidation of fatty acid could be detected 
in any fraction. 

Hogeboom et al. (6) have stated that “large granules” obtained by the 
use of water as the dispersing medium do not possess the characteristic 
morphology and vital staining reactions exhibited by these structures in 
the intact liver cell. Our inability to find activity in such preparations sup- 
ports the view of Hogeboom et al. that “large granules” obtained in this 
manner may have undergone irreversible structural changes due to the 
hypotonic conditions, which may have caused rupture or leaching out of 
hecessary components of the enzyme system. 

When homogenates of rat liver in isotonic saline solutions are fractionated 
according to the technique described by Claude (4), the distribution of 
activity in the oxidation of fatty acids is far different from that observed in 
fractions of 0.88 m sucrose homogenates. Data of such an experiment are 
givenin Table VIII. Itisseen that the fatty acid oxidase activity is concen- 


‘DNA, desoxypentose nucleic acid; PNA, pentose nucleic acid 











968 OXIDATION OF FATTY ACIDS 


trated in the “nuclear precipitate,” containing nuclei, débris, and whole cells, 
and that the “large granule” fraction is without activity. It has been 
pointed out by Hogeboom et al. (6) that this first fraction of nuclei and 
débris may actually contain a large proportion of the mitochondria of the 
homogenate, since these particles are very largely agglutinated by contact 
with isotonic saline solutions and are therefore sedimented with the nuclear 
fraction. As a matter of fact, it is this fraction which has been used in 
this laboratory in the past for preparation of the fatty acid oxidase system. 
When this fraction is suspended in 0.88 m sucrose, a large part of the mito- 
chondria is redispersed, and is sedimentable only at higher speeds, as the 
experiment in Table III indicates. 


TaBLeE VIII 


Distribution of Fatty Acid Oxidase Activity in Subcellular Fractions Derived from 
Isotonic Saline-Homogenates of Rat Liver 


The test conditions were the same as those described in Table I, except that the 
final volume was 3.0 ml. Incubation was for 30 minutes at 30°. 





Acetoacetate 








| 
Fraction | arm’ | Onggeg | onwotke | Asien 
aye — | a= 
“Large granules” 1.1 | = | 1.6 0.60 
| + | 1.25 0.31 
“Nuclear ppt.” 2.2 | - 1.6 | 0.6 
- 11.0 3.4 
Supernatant 2.3 — 0.0 0.60 
+ 


0.5 0.49 


The fact that the less easily sedimentable fraction called “large granules” 
by Claude (4), obtained upon more prolonged centrifugation of saline 
homogenates in the experiment summarized in Table VIII, is inactive in 
the oxidation of fatty acids may possess some significance. Apparently 
the “large granules” derived from saline homogenates are not identical 
with those prepared by the hypertonic sucrose method, or they may be 
partially disorganized mitochondria of different sedimentation and enzy- 
matic properties. Results of a similar nature reported by Chantrenne 
(23) lend some support to this view-point. 

These findings point to the possibility that the fatty acid oxidase activity 
may be used as an enzymatic indicator for the detection of liver mitochon- 
dria in more or less the native condition, in conjunction with microscopit 
examination and staining techniques. 

_ Intracellular Distribution of Some Glycolytic Enzymes—The finding that 
highly organized respiratory systems are localized in the mitochondria 
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raises the question of the intracellular location of other organized enzyme 
systems. In contrast to the respiratory systems, which are associated with 
particulate matter, the glycolytic enzymes all appear to be readily soluble 
and several have been crystallized. It was therefore of interest to examine 
the different fractions of rat liver for their ability to catalyze the oxida- 
tion-reduction reactions of glycolysis. The system studied involved fruc- 
tose-1 ,6-diphosphateas substrate, aldolase, triose phosphate dehydrogenase, 
diphosphopyridine nucleotide, and arsenate to ‘“decouple”’ the phosphoryla- 
tion step, and lactic dehydrogenase and pyruvate as hydrogen acceptors. 


TABLE 1X 
Activity of Some Glycolytic Enzymes in Liver Fractions 


In the oxidation-reduction system assay the Warburg vessels contained 0.03 m 
fructose-1 ,6-diphosphate, 0.002 m arsenate, 0.02 m sodium fluoride, 0.02 m sodium 
pyruvate, 0.048 m NaHCOs;, 0.02 m nicotinamide, and 0.001 m diphosphopyridine 
nucleotide. The liver fractions in amounts specified were tipped in from the side 
arm after temperature equilibration. Total volume, 2.0 ml.; gas phase, 95 per cent 
N.-5 per cent CO; temperature, 30°; time of incubation, 1 hour. 











l r j 

\Weight of whole | Qubtstion | 

Fraction i ction a COs liberated | pee nse | pa em 
ee Ee ee Salen } 

| mg. c.mm. | per cent of total | per cent of total 
tii). 0: uns oaks temas | 60 18 5.4 | 3 
Mtoenhondria.............0.06- 60 10 | 3.0 1 
eer? | 20 90 | 81.7 96 
Whole homogenate............ | 20 110 (100) | (100) 








* The Qc3, (30°) of the whole liver homogenate under these conditions was 27.5. 
t Qupp (24) at 38° of whole liver homogenate was 56. 


Fluoride was added to inhibit enolase and the end-point measured mano- 
metrically indicated the formation of 3-phosphoglyceric acid, which causes 
CO, liberation from a bicarbonate buffer. The conditions used were found 
to give approximately linear results with varying concentrations of an 
extract of rabbit muscle. When the different fractions were assayed for 
the presence of the three enzymes involved in the reaction, the mito- 
chondria and the nuclear precipitate contained only a very small fraction 
of the activity, whereas the supernatant, containing all the soluble material 
of rat liver as well as difficultly sedimentable particles (‘‘microsomes,”’ 
etc.), contained 82 per cent of the activity shown by the original unfrac- 
tionated homogenate (see Table IX). Also shown in Table IX is the dis- 
tribution of aldolase in the different fractions, measured by the method of 
Sibley and Lehninger (24). It is seen that the particulate fractions con- 
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tain only a very small fraction of the total aldolase of rat liver, 96 per cent 
being present in the soluble fraction. 

Although assay of all the individual enzymes of glycolysis in these frac- 
tions may eventually show that one or more of these enzymes are present 
in the mitochondria, it appears certain that the mitochondria do not possess 
the complete enzymatic machinery for the conversion of glycogen or glu- 
cose to lactic acid at a rate comparable to the rate of respiration of these 
bodies. LePage and Schneider have recently shown that particulate frac- 
tions of rat tumors or rabbit liver have little or no ability to glycolyze 
glucose, most of the activity being in the soluble fraction (25). 

In addition to these data, it has been found by Friedkin in this labora- 
tory (cf. (26)) that isolated mitochondria are capable of incorporating in- 
organic phosphate labeled with P® into pentose nucleic acid, phospholipide, 
and an unidentified acid-insoluble ‘‘phosphoprotein” fraction coupled to 
the oxidation of substrates of the Krebs tricarboxylic acid cycle. It would 
therefore appear that these bodies are also capable of at least one type of 
reaction leading to synthesis of these intracellular materials. 


DISCUSSION 


The data reported in this paper show that the complex enzyme systems 
responsible for the oxidation of fatty acids and Krebs cycle intermediates 
and esterification of phosphate coupled to these oxidations are localized in 
that fraction of rat liver which consists of morphologically intact mito- 
chondria or “large granules,’”’ almost completely free of other formed ele- 
ments. As has been pointed out, it is not possible with our present knowl- 
edge of these complex systems to assay individual enzymes of these systems 
quantitatively and it is therefore conceivable that other elements such as 
the nuclei, ‘‘microsomes,” or soluble material may be capable of many of 
the enzymatic transformations involved in the over-all reactions studied. 
The striking fact is that all the individual enzymes concerned in these 
complex systems should be found in one species of morphological element. 
These findings in some measure justify the early views of Altmann (27) 
that these bodies are fundamental biological units and possess a certain 
degree of autonomy and certainly, together with the considerable work 
already done on their enzymatic and chemical composition by the Rocke- 
feller school, Schneider, and others, provide considerable basis for the apt 
designation “intracellular power plants” conferred on the mitochondria 
by Claude. 

Although the mitochondria appear to be the major site of these activities, 
it would appear from our examination in vitro that these bodies are not 
completely autonomous with respect to their respiratory behavior, since 
they must be supplemented with certain cofactors such as adenosine tr- 
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phosphate and Mgt+. It appears likely that in the cell there is a rapid 
interchange of these factors, substrates, and inorganic phosphate between 
the cytoplasm and the mitochondria. It also would appear that these 
bodies are dependent on the cytoplasm for certain preparatory metabolic 
activities such as glycolysis, since, as our data show, they are almost com- 
pletely lacking in glycolytic activity. 

Claude has found that isolated mitochondria are quite sensitive to 
changes in osmotic pressure (4). Adverse osmotic conditions may there- 
fore be responsible for the inactivity of the mitochondria in catalyzing 
fatty acid oxidation in hypotonic reaction media; when the concentration 
of neutral salts or non-electrolytes approximates isotonicity, the system 


_ shows maximum activity. No attempts have been made to determine 
_ whether the mitochondria are morphologically intact in all stages of the 


enzymatic reaction. 

It is also of some interest that mitochondria are capable of causing oxida- 
tion-coupled incorporation of labeled inorganic phosphate into nucleic acids 
and phospholipides of these structures (cf. (26)). The work of Hill and 
Scarisbrick (28) and Warburg and Liittgens (29) on the photochemical 
activity of isolated chloroplasts or granules derived therefrom provides 
some indication that highly organized enzyme systems are localized in 
analogous structures of plant cells. 

The localization of organized respiratory activity in mitochondria poses 
some problems in connection with the separation and purification of the 
individual enzymes involved. The difficulties in rendering such enzymes 
as cytochrome oxidase and succinoxidase soluble are well known (30, 31). 
Recent work in this laboratory indicates that the separation from mito- 
chondrial preparations in soluble form of simple dehydrogenase proteins 
which might be expected to be readily soluble is also quite difficult and a 
variety of drastic procedures has failed to release any significant amount 
of such proteins into soluble form. 


SUMMARY 


Morphologically homogeneous mitochondria (“large granules”) separated 


. from rat liver dispersions by the hypertonic sucrose method of Hogeboom, 


Schneider, and Pallade contain essentially all the measurable activity of 
the liver in the oxidation of fatty acids. Likewise, the integrated reactions 
of the Krebs tricarboxylic acid cycle are found in this fraction. Esterifi- 
tation of inorganic phosphate accompanies these oxidations in purified 
preparations of mitochondria. These bodies have insignificant glycolytic 
activity. ‘‘Mitochondria” prepared by other methods involving saline 
or water as the dispersing media are inactive in these reactions, possibly 
because of osmotic damage. 
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In spite of several extensive ultracentrifugal studies of human sera by 
Mutzenbecher, McFarlane, and Pedersen, the interpretation of the pat- 
terns observed has remained in doubt. Specifically, the greatest difficul- 
ties encountered by previous workers have arisen in their efforts to study 
undiluted human sera. McFarlane (1) referred to marked distortions in 
the pattern observed with undiluted human serum and suggested a trial 
and error dilution of the serum with salt solution to minimize such distor- 
tions. Pedersen (2) recommended diluting sera with various salt or buffer 
solutions to 40 per cent of the initial concentration, since under these 
conditions ‘‘adequate”’ resolution of the albumin and so called ‘XY pro- 
tein’? peaks in the sedimentation diagram could be made. Both these 
workers found the apparent concentration of the XY protein to vary consid- 
erably with respect to both over-all protein and salt concentration. The 
variations in concentration ranged from a value of YX protein constituting 
up to 30 per cent of the serum proteins when studied in concentrated 
serum to an immeasurably small value when the serum was greatly di- 
luted. Pedersen has explained this variation in XY protein concentration 
by assuming this molecule to be a labile complex of albumin, globulin, and 
lipides which dissociates with increasing dilution of the serum. 

On the basis of ultracentrifugal studies of human sera by the present 
authors, a wholly different interpretation of the ultracentrifugal patterns 
observed is given herewith. This interpretation indicates that the X pro- 
tein concentration in human sera is vastly smaller than reported by Peder- 
sen or McFarlane, but more consistent with electrophoretic data for the 
low density B, lipoproteins. Further, the ultracentrifugal pattern ob- 
served for human serum with increasing dilution can be explained without 
assuming that any dissociation of X protein occurs. 


EXPERIMENTAL 
An electrically driven ultracentrifuge designed by FE. G. Pickels was em- 
ployed, the Thovert-Philpot-Svensson cylindrical lens-refractive index 
method for the observation of migrating boundaries being utilized (3). 
All runs were made between 25 and 30° at rotor speeds of 59,780 R.P.M., 
973 








974 LIPOPROTEINS IN HUMAN SERUM 


giving centrifugal fields between 240,000g and 300,000g, at the meniscus 
and base, respectively. Blood was obtained from presumably normal in- 
dividuals in the postabsorptive state. 

A large number of undiluted sera were studied ultracentrifugally.  Typi- 
cal patterns obtained approximately 2 hours after reaching full speed are 
shown in Fig. 1. The vertical bar seen in Fig. 1, b, ¢, and d in the albu- 
min complex represents a region of refractive index gradient in the cell so 
great that an entering light beam is completely thrown out of the optical 
system. We have determined that this bar has no bearing on the svymme- 
try or asymmetry of the albumin peak. Of great interest is the “dip” 
below the base-line characteristically associated with the asymmetric 
boundary of the albumin complex. Pedersen accounted for albumin bound- 
ary asymmetry as being due to the presence of a density-sensitive 
lipoprotein (X protein), the Seo, value of which is very close to that of al- 
bumin. However, a two-component resolution, assuming a protein of this 
nature, even if present in the high concentration which Pedersen described, 

F/G) la, 


a ee | || 


Fig. 1. Ultracentrifugal patterns of normal undiluted human sera obtained ap 
proximately 2 hours after the rotor attained full speed, 





could not conceivably give rise to the ‘dip’? phenomenon which we have 
observed. An explanation is possible if we assume that the asymmetry 
and ‘‘dip” result from a piling up of the lipoprotein along the albumin 
concentration gradient at the sedimenting albumin boundary. Fig. 2, a 
gives the concentration diagram for a lipoprotein which for any reason 
has completely piled up in the region of the albumin gradient. The the- 
ory of the diagonal bar-cylindrical lens method of recording refractive in- 
dex boundaries reveals that such a pile up must give rise to a biphasic curve 
(Fig. 2,6). In Fig. 2, ¢ is given the concentration diagram for lipoprotein, 
in process of piling up, and for albumin, and in Fig. 2, d, the separate 
corresponding optical patterns expected. Fig. 2, e shows the albumin and 
lipoprotein pile up patterns in a single composite picture, which is the net 
result observed with the ultracentrifuge. A comparison of Fig. 2, e with 
the experimental observations of Fig. 1 demonstrates the plausibility of 
our hypothesis of the origin of the ‘‘dip’’ phenomenon. 

It is of interest to consider how the observed ultracentrifugal pattern will 


vary with slight displacement of the lipoprotein pile up relative to the 
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position of the albumin concentration gradient. Fig. 3, a shows the sepa- 
rate albumin and lipoprotein patterns with such relative displacements. 
Fig. 3, b shows the corresponding composite patterns. All these types of 
distortions of the albumin boundary complex have been observed by alter- 
ing serum density (see Fig. 3, ¢). Sucrose, sodium chloride, or magnesium 
sulfate added in quantities sufficient to give equivalent density increments 
produces the same type of pattern distortion. 

The basis for the pile up phenomenon is the difference in sedimentation 
rates of the lipoprotein on either side of the albumin boundary gradient. 
A related type of anomaly occurring in mixtures of proteins, without a 
pile up but due to the same fundamental cause, has been previously de- 
scribed and mathematically treated by Johnston and Ogston (4). Two 
main factors contribute to this change: The viscosity of the albumin- 
containing solution is higher than the viscosity of its own supernatant so- 
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Fig. 2. Pile up analysis and the resulting ‘‘dip’’ phenomenon that is observed ul 
tracentrifugally (see the text for a complete explanation). 














lution, and the effective buoyant force on sedimenting molecules is not 
the same in the albumin solution as in the supernatant solution, since the 
density difference between sedimenting particle and sedimenting medium 
is not the same in the two solutions. This is particularly important for 
the lipoprotein, the density of which is very close to that of the serum 
itself, 

Two major types of situations can in general result in the pile up of 
lipoprotein: (a) The lipoprotein sediments in the same direction as the 
albumin. Here buoyancy difference and viscosity difference are additive 
in slowing lipoprotein sedimentation in the albumin solution relative to 
that in supernatant solution. Now, if lipoprotein has a sedimentation 
rate in supernatant solution greater than the albumin sedimentation rate, 
Whereas the lipoprotein in albumin solution sediments more slowly than 
albumin itself, then the effect will be to produce a progressive pile up of 
lipoprotein somewhere in the albumin concentration gradient. Since in 
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this instance the lipoprotein sediments with the albumin boundary, it can- 
not be seen as an independently sedimenting component. 

(b) The lipoprotein sediments toward the albumin boundary from both 
sides. This is mandatory if the lipoprotein density falls between the den- 
sity of albumin solution and that of the supernatant solution. Here, if 
the lipoprotein sediments more rapidly in supernatant solution than does 
albumin, an appreciable pile up will be expected. It is this situation 
which, we believe, usually exists in undiluted serum. Further, small den- 
sity increments produced by salt or sucrose addition to serum may be 
expected to shift the pile up along the albumin concentration gradient 


> 


and thus give rise to a variety of bizarre patterns described in Fig. 3. 
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Fic. 3. Variations in ultracentrifugal patterns with variations in the location of 
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the lipoprotein pile up on the albumin concentration gradient. 


In the situation described in section b, a lipoprotein boundary migrating 
toward the center of rotation may or may not be observed. If the migra- 
tion is slow, the boundary may be poor or may be lost entirely, due to the 
factors usually operative in producing diffuseness of boundaries. 

A third situation may arise when the density of the solution is raised to 
the point where lipoprotein migrates in the direction opposite to albumin 
both above and below the albumin boundary. In this case, the analysis 
of Johnston and Ogston applies and predicts the possibility of some distor- 
tion of the albumin boundary. However, no pile up phenomenon will be 
expected along the albumin concentration gradient. It is to be noted 
here that, for lipoprotein, the viscosity and buoyancy effects operate ID 


opposite directions, so that distortions will tend to be minimized. 
It is thus evident that the classical method of boundary resolution ap- 
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plied to the albumin boundary is not applicable. Determinations such as 
those of Pedersen and McFarlane measure, therefore, some function of the 
concentration of lipoprotein that has piled up in the albumin boundary, 
but by no means the true serum lipoprotein content. 

In view of the low density of the lipoprotein (specific volume 0.97), a 
method capable of measuring its concentration in human serum is avail- 
able; namely, flotation. The necessary requirement that the density of 
the serum be greater than that of the lipoprotein may readily be achieved 
by the addition of small quantities of sodium chloride. Once the lipopro- 
tein has moved a small distance away from the base of the cell in flota- 
tion, it then moves in an essentially homogeneous medium. Fortunately, 
the rate of flotation can be made sufficiently rapid so that the lipoprotein 
concentration Measurements can be made before its boundary is obscured 
by meeting the sedimenting protein components. Fig. 4, a, b, and ¢ shows 
the progressive flotation of the low density lipoprotein, as studied in serum 


fig. 4a. 





























Fic. 4. Progressive flotation of lipoprotein in a serum containing 7.8 per cent 
5 5 I 


added NaCl. 


containing 7.8 per cent of added sodium chloride. The lipoprotein appears 
as an “‘inverse”’ peak, which is fully expected from the theory of the optical 
system. Since the specific refractive increment of the lipoproteins is very 
close to that for other proteins (5), the area under this peak is a measure 
of the concentration of the lipoprotein. At the density chosen for these 
studies, the albumin peak is essentially symmetrical (Fig. 4, d). A com- 
parison of the area under the lipoprotein peak with that under the albumin 
peak gives a measure of the abundance of low density lipoprotein relative 
to those substances measured ultracentrifugally as albumin. 

Ten sera from normal male and female young adults were studied by 
the method of flotation. The results tabulated in Table I indicate the 
lipoprotein concentration to be of the order of 5 per cent of total serum 
proteins, an abundance far lower than that quoted in the literature on the 
basis of previous interpretation of sedimentation diagrams. 

The X protein has been suggested by Pedersen to be a labile complex 
of albumin, globulin, and lipides on the basis of changes in the apparent 
concentration of this component with changes in the serum protein and 
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salt concentrations. The pile up theory presented here could readily ex- 
plain the apparent changes in concentration of lipoprotein observed by 
Pedersen without invoking any dissociation of the molecule. In Table 
II is given the concentration of lipoprotein at various total protein 
and salt concentrations for a single serum. Within the experimental 


TABLE | 


Low Density Lipoprotein Content of Ten Normal Human Sera 


Serum No Sp. gr. of serum Total protein Lipoprotein I 
gm. per 10) ml gm. per 100 ml 

| 1.0305 8.10 0.20 2.9 
2 1.0310 8.26 0.23 2.8 
3 1.0276 7.08 0.40 5.6 
t 1.0298 7.86 0.35 t.4 
5 1.0314 8.40 0.24 2.9 
6 1.0288 7.50 0.23 3.0 
7 1.0294 7.70 0.45 5.8 
8 1.0278 7.14 0.43 6.0 
9 1.0244 5.96 0.33 D.7 
10 1.0240 9.82 0.20 3.4 ° 


TaB_e II 
Low Density Lipoprotein Content of a Single Human Serum Sample Obtained from 
Different Salt and Total Protein Concentrations 


Resultant Lit 


Preparation of serum sample Cell used ap. ar Aipoprotein Lipoproteir 
ml ed : 

100 m rolein 
3.0% NaCl added 0.3 1.048 0.33 1.6 
1.7% : 0.3 1.060 0.33 Af 
S253 “ = OS 1.069 0.42 6.0 
7.8% * es 0.3 1.081 0.40 5.6 
9.4% * se 0.3 1.093 0.41 5.8 
1 volume serum + | volume 8% NaCl 0.8 1.042 0.40 5.6 
] . 5 + 3 volumes 8% NaCl 0.8 1.048 0.46 6.5 


error of measuring small areas, the data indicate no significant var 
ation of lipoprotein content and hence the stability of this molecule, in ac- 
cord with the report of Edsall (6) on the relative stability of the low 
density B, lipoprotein to such manipulations as precipitation and re- 
solution. 

It has been further stated that a density-sensitive component is present 
only in the sera of humans(7).  Ultracentrifugal studies reported elsewhere 
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have demonstrated the presence of such a component in about 60 per cent 
of rabbit sera. 


SUMMARY 

1. The difficulties which have prevented a satisfactory interpretation of 
the ultracentrifugal pattern of human serum, both diluted and undiluted, 
have been reviewed. 

2. The observation of a ‘‘dip” in the ultracentrifugal pattern of undi- 
luted human sera has led the present authors to explain the major peculi- 
arities of albumin boundary asymmetry as being due to a pile up of lipo- 
protein (X protein) on the albumin concentration gradient. The existence 
of the pile up phenomenon renders classical two-component resolution of 
asymmetrical albumin boundaries completely erroneous both in the caleu- 
lation of sedimentation rates and concentration of lipoprotein. 

3. A method for measuring the concentration of low density lipoproteins 
by flotation has been described and applied. The results of analysis of 
lipoprotein concentrations by this method are in much better agreement 
with electrophoretic and fractionation data concerning this lipoprotein 
than are the data in the literature up to the present. The data obtained 
in the present work render unnecessary the postulation of a great degree 
of lability of lipoprotein with variation in salt and protein concentration. 
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CHROMATOGRAPHY OF PURINES AND PYRIMIDINES 
ON STARCH COLUMNS 


Sirs: 


We have found that it is possible to obtain satisfactory resolution of 
the six bases, thymine, uracil, cytosine, adenine, guanine, and hypoxan- 
thine, by chromatography on a single column of the type developed by 
Stein and Moore! for amino acids. On known mixtures recoveries have 
averaged 100 + 4 per cent. The bases are easily identified by their 
absorption spectra which are characteristic, and not appreciably changed 
by passage through the column. The quantitative estimation of purines 
and pyrimidines by paper chromatography has been described by Vischer 
and Chargaff? and by Hotchkiss;? and Edman ef al.‘ have reported the 
separation of adenine and guanine on a starch column. 

The starch columns employed in our work are 30 cm. in height and 0.9 
cm. in diameter, and are prepared according to the procedure recom- 
mended by Stein and Moore. The solvent is composed of n-propanol 
and 0.5 n HCl in the proportions of 2:1. A solution containing from 
0.20 to 0.35 mg. of each base in 0.5 to 1.0 ml. of solvent is added to the 
top of the column. The effluent is collected in a regular series of 0.5 ml. 
fractions.® 

The fractions are evaporated to dryness in groups of 50 to 80 in a vac- 
uum desiccator warmed to about 40° by means of an infra-red lamp. 
Each residue is dissolved in 5 ml. of 0.1 n HCl. The extinction coeffi- 
cients of the solutions are measured in the Beckman spectrophotometer 
at wave-lengths corresponding to the absorption maximum for each 


‘Stein, W. H., and Moore, S., J. Biol. Chem., 176, 337 (1948). Moore, 8., and 
Stein, W. H., J. Biol. Chem., 178, 53 (1949). 

? Vischer, E., and Chargaff, E., J. Biol. Chem., 168, 781 (1947). 

* Hotchkiss, R. D., J. Biol. Chem., 175, 315 (1948). 

‘Edman, P., Hammarsten, E., Low, B., and Reichard, P., J. Biol. Chem., .78, 
395 (1949). 

* The procedure for the addition of the sample to the column and the collection of 
the effluent is the same as that described by Stein and Moore. The authors wish to 
acknowledge many helpful suggestions from Dr. Moore and Dr. Stein which have 
aided in carrying out this work. 
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base. The weight of purine or pyrimidine in each fraction is calculated 
from the absorption of known solutions of the compounds. 

If the extinction coefficient or the weight of base in each fraction is 
plotted against effluent volume, a series of sharp, well separated peaks 
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is obtained (see the figure). The curves are integrated by the addition 
of the analytical values for the points on a given peak. For accurate 
plotting and integration, an average fraction ahead of or behind the peaks 
should be used as the blank for measurement of the extinction coeff- 
cients. The positions of the peaks are reproducible to +10 per cent. 
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AN ISOTOPIC STUDY OF PORPHYRIN AND HEMOGLOBIN 
METABOLISM IN A CASE OF PORPHYRIA* 


Sirs: 


It has been shown that glycine is a specific precursor of hemoglobin 
protoporphyrin of rats,! dogs,? and humans,’ of the coproporphyrin I of 
dogs,? and of stercobilin in humans.‘ 

Particular interest has attached to a case of “light-sensitive” (congeni- 
tal) porphyria, in which hemoglobin and porphyrin metabolism has been 
studied with the aid of glycine containing N™. 








7 | 
| Hb protoporphyrin | _Coproporphyrin I | Uroporphyrin I 











Time | __ Stercobilin 
N! concentration N® concentration N® concentration | N" concentration 
days | alom per cent excess atom per cent excess | atom per cent excess atom per cent excess 
4 5.686 2.918 1.057 
5.614* 
7 1.006 
8 2.594 3.234 2.991 
11 1.146 
12 | 0.897 1.321 2.234 
15 | 1.057 
16 | 0.484 | 0.765 0.926 
18 | 0.941 











*N*® concentration of coproporphyrin I isolated from feces. 


A girl of 4 years, exhibiting photosensitivity, anemia, and spleno- 
megaly, excretes large amounts of coproporphyrin I, uroporphyrin I, and 
stercobilinogen. She was given 15 gm. of glycine containing 32.2 atom 
per cent excess N® in divided doses over a 3 day period. Serial deter- 
minations® were then made of the N® in the hemoglobin protoporphyrin, 
coproporphyrin I and uroporphyrin I of the urine, and the stercobilin of 
the feces. The most significant of the results thus far obtained 
are shown in the accompanying table. It can be seen that the uptake 
of N by the hemoglobin protoporphyrin is considerably greater than 
that previously recorded for a normal subject.’ This is probably due to 


* Aided by a grant (RG 345) from the United States Public Health Service. 

'Shemin, D., and Rittenberg, D., J. Biol. Chem., 166, 621 (1946). 

*Grinstein, M., Kamen, M. D., and Moore, C. V., J. Lab. and Clin. Med., 33, 
1478 (1948). 

*Shemin, D., and Rittenberg, D., J. Biol. Chem., 159, 567 (1945). 

‘London, I., Shemin, D., and Rittenberg, D., J. Clin. Invest., 27, 547 (1948). 

‘These were carried out by means of the mass spectrometer in Dr. Alfred O. C. 
Nier’s laboratory. 
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the fact that the patient exhibits markedly increased erythropoiesis 
(reticulocytosis 8 per cent, bone marrow normoblastic). The consider- 
able increase of N"™ observed in the coproporphyrin I, uroporphyrin J, 
and stercobilin suggests that they derive from a common pyrrole precur- 
sor, which is most likely also the precursor of the hemoglobin protopor- 
phyrin. The very high N™ concentration of the coproporphyrin I in the 
first period and its immediate rapid decrease accompanied by an increase 
of the N® concentration of the uroporphyrin I suggest the possibility 
that this is derived from coproporphyrin I as an expression of the meta- 
bolic error of porphyria. On the other hand the slower decrease of the 
N'® concentration of the stercobilin and the decrease of the N™ concen- 
tration of the hemoglobin protoporphyrin after the 11th day indicate that 
a minority of the stercobilin comes from the hemoglobin protoporphyrin 
as a result of destruction of the tagged hemoglobin. 
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THE ACTION OF INSULIN ON THE DISTRIBUTION 
OF GALACTOSE IN EVISCERATED 
NEPHRECTOMIZED DOGS* 


Sirs: 


The intimate mechanism by which insulin acts has been looked for in 
a “biocatalytic” effect on one or several of the enzymatic steps of the 
intermediary metabolism of glucose.! However, insulin may not exert 
any direct action whatever upon the known enzyme systems of the ac- 
cepted carbohydrate scheme, but it may act by promoting the rate of 
transfer of glucose (and perhaps other substances) across certain cell 
membranes. Accordingly we are investigating the effect of insulin upon 
the rate of entry into tissues of substances other than glucose, prefer- 
ably non-utilizable, organic, naturally occurring compounds. 

This note reports data on the effect of insulin upon the rate at which 
injected galactose is distributed in eviscerated, nephrectomized dogs. 
Such preparations do not utilize galactose,? as is evident from the fact 
that, after a period of distribution, the level of galactose in the blood 
remains practically stationary. When insulin (1 unit per kilo) is ad- 
ministered with the galactose, the final stationary level of blood galactose 
is markedly lower than in its absence (Fig. 1). Without insulin, galac- 
tose is distributed in 45 to 47 per cent of the body weight. Insulin in- 
creases the volume of distribution of the hexose to about 75 per cent of 
body weight, a figure close to that of total body water. Doubling the 
dose of insulin (2 units per kilo) does not lead to any further changes. 
Total body water is, of course, the upper possible limit to distribution. ‘Hea 

The working hypothesis prompted by these data can be stated as fol- 
lows: Insulin acts upon the cell membranes of certain tissues (skeletal 
muscle, etc.) in such a manner that the transfer of hexoses (and perhaps 
other substances) from the extracellular fluid into the cell is facilitated. 
The intracellular fate of the hexoses depends upon the availability of 
metabolic systems for their transformation. In the case of galactose 
no further changes occur. In the case of glucose, dissimilation, glycogen 
storage, and transformation to fat are secondarily stimulated by the 
rapidity of its entry into the cell. 


*This work was aided by a grant from the Sugar Research Foundation, Inc” 

'Soskin, S., and Levine, R., Carbohydrate metabolism, Chicago, 180 (1946). 
Colowick, S. P., Cori, G. T., and Slein, M. W., J. Biol. Chem., 168, 583 (1947). Broh- 
Kahn, R. H., and Mirsky, I. A., Science, 106, 148 (1947). Bloch, K., and Kramer, 
W., J. Biol. Chem., 178, 811 (1948). Stadie, W. C., and Haugaard, N., J. Biol. Chem., 
177, 311 (1949). 

* There is also no demonstrable utilization of galactose by rat diaphragm in vitro. 
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Fig. 1. Blood galactose levels following intravenous administration of galactose 
to eviscerated, nephrectomized dogs. Insulin was started 4 hour before galactose 
administration and continued throughout the experiment. All the dogs received 
intravenous glucose (0.125 to 0.25 gm. per kilo per hour in 26 ce. of saline). 


If this hypothesis is confirmed, it opens the question of mechanism by 
which a molecule of the insulin type may affect the transfer of 
substances. 
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